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ABSTRACT 
Histatins are a family of small cationic proteins in human salivary secretions, 
abundant in histidine residues. The recently reported sequence led to the investigation 
of functional relationships of these proteins. Among their biological properties, the 
bactericidal potential of histatins had generated strong interest. Growth inhibition and 
viability assays revealed that histatins were active against members of the group of 
Mutans Streptococci and Candida albicans, with histatin 5 being the most active. 
Moreover, histatins inhibited the proteolytic activity of clostripain and Porphyromonas 
gingivalis trypsin-like protease, P. gingivalis hemagglutination, and aggregation 
between P. gingivalis and Streptococcus mitis. Histatins were also able to induce 
histamine release from rat mast cells. 
A wide range of periodontopathic bacteria as well as Actinomyces species were 
employed in this study to examine the killing properties of histatins and histatin 
fragments, since the available data were restricted only on the group of Mutans 
Streptococci and several C. albicans strains. Typical broth and buffer microdilution 
bactericidal assays showed the inhibitory and bactericidal properties of histatins and 
their fragments on Actinobacillus actinomycetemcomitans, P. gingivalis, Prevotella 
intermedia, Bacteroides forsythus, Fusobacterium nucleatum, Peptostreptococcus 
micros and Actinomyces species. Bactericidal concentrations for Actinomyces were 
comparable with those reported for the group of Mutans Streptococci and C. albicans 
and fall within the physiologic concentrations of histatins in the salivary secretions. 
Much higher concentrations were required to observe inhibitory results for the 
anaerobic periodontal pathogens. In general, histatins were more potent against gram-
positive bacteria and fungi than against gram-negative microorganisms. Reasons for 
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such an expression of bactericidal profiles might include the different wall-structures 
between bacteria, experimental conditions, and resistance factors. 
In addition, other antimicrobial properties of histatins were investigated. 
Utilizing pH monitoring, histatins 3 and 9 were found inhibitory for Streptococcus 
rattus glycolysis. Histatin 9 was more potent and both peptides exhibited the greatest 
inhibitory activity around the critical pH values. Interactions of histatins with adhesins 
residing on Actinomyces species fimbriae were explored since these adhesins play a 
significant role in colonization. Using a typical adherence assay, it was shown that 
histatins 1 and 5 did not promote adherence of Actinomyces viscosus cells in contrast 
to PRP I which is considered to be a pellicle receptor for this species, nor did they 
inhibit adsorption of the cells on PRP I-coated hydroxyapatite. Moreover, histatin 5 
was not able to induce Actinomyces na.eslundii agglutination, or to inhibit salivary-
induced agglutination of this species. Histatins and their fragments inhibited B. 
forsythus hemagglutination at very low concentrations, in a similar fashion with P. 
gingivalis. Attachment of this gram-negative species to erythrocytes might be of 
crucial importance since it is related to nutritional requirements for heroin. 
The results of the present study strongly support the significant role of the 
family of histatins as a fundamental element of the non-immune oral host defense 
system. Histatins in salivary secretions are bactericidal for a wide range of oral 
colonizers while are not toxic for the host cells. Other antimicrobial properties of the 
members of this unique salivary family with . possible clinical implications in the 
initiation and progression of periodontal diseases and dental caries are also presented. 
Based on these observations the possibility of utilizing histatins for regulation of the 
indigenous oral microflora and consequently control of the progress and development 
of periodontal diseases and dental caries is very attractive. An interesting aspect of 
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such therapy would be the non-toxic nature of the proteins which may be used in 
concentrations much higher than the normal salivary levels in order to cover a wide 
range of oral microorganisms, without any significant side-effects for the host. 
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INTRODUCTION 
Periodontal diseases are pathologic conditions that affect the supporting tissues 
of teeth and occur as a result of complex interactions between the bacterial plaque and 
the host. The etiologic role of subgingival microflora in the initiation and progression 
of periodontal diseases is well established (Loe et al. 1965, Moore and Moore 1994 ). 
A dynamic equilibrium must be present to maintain health. If this equilibrium is 
disturbed, inflammatory changes occur periodically with unfavorable cumulative results 
on the periodontal apparatus. The local specific and non-specific defense mechanisms 
along with preventive hygienic measures are adequate to maintain a dynamic healthy 
environment. 
Strong evidence has been accumulated to define specific subgingival colonizers 
as periodontal pathogens. Periodontal diseases are "specific" infections in the sense 
that they are thought to be caused by a combination of putative periodontopathic 
microorganisms. A. actinomycetemcomitans, P. gingivalis, P. intermedia, F. nucleatum, 
P. micros, B. forsythus, Eikenella corrodens, Wolinella recta, spirochetes and other 
bacteria are considered primary candidates for the development of periodontal diseases 
(Haffajee and Socransky 1994, Moore and Moore 1994). Even though an overwhelm- . 
ing l?ody of data has correlated different microorganisms or combinations of microor-
ganisms with various forms of periodontal diseases, these associations are not always 
clear and, at times, appear contradictory (Haffajee and Socransky 1994 ). Subgingival 
microorganisms are able to cause tissue destruction, either directly with armamentaria 
that include enzymes, toxins, and highly toxic metabolites, or indirectly, by activating 
\ 
the reactive inflammatory host mechanisms (Holt and Bramanti 1991, Socransky and 
Haffajee 1991). 
2 
Dental caries is a slowly progressing degenerative process that affects the 
· mineralized tissues of teeth. It can be considered a localized infection and a result of 
hard tissue demineralization by organic acids produced by dental plaque microorgan-
isms as they catabolize dietary carbohydrates. Other factors that influence the 
complicated host-bacteria interactions may well be of critical importance in the 
progression of the disease. Even though other microorganisms can not be excluded, 
certain bacteria including the group of Mutans Streptococci, Lactobacilli, and 
Actinomyces species have been implicated with the initiation and progression of dental 
caries (Bowden 1990, Loesche 1986). These associations have been established based 
on the ability of these bacteria to induce caries in animals, on isolation patterns from 
human longitudinal studies, and on specific biochemical characteristics that strongly 
relate those microorganisms with the pathogenesis of the disease. These bacteria can 
ferment a wide · range of dietary carbohydrates using fast catabolic pathways, and 
exhibit ability not only to survive but also to grow and multiply in strongly acidic 
environments. Furthermore, they can utilize various mechanisms for optimal use of the 
periodic supplement of carbohydrates such as production of intracellular and 
extracellular polysaccharides (Loesche 1986). 
Saliva exhibits a multipotential antibacterial role through a variety of 
mechanisms (Mandel 1979). Continuous salivary flow along with saliva-induced 
bacterial agglutination constitute the first level of defense against microorganisms that 
is purely mechanical. A specific, sophisticated second level of defense is the immune 
system and its components. In the oral environment the major immunoglobulin is the 
secretory l&A· However, there are small amounts of IgG, IgJ?, IgM, and IgE that enter 
the oral cavity through the crevicular fluid (Mandel 1979). A third level of defense 
involves several antimicrobial proteins that form the so called "non-immune oral de-
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fence system". Lysozyme is an enzyme capable of killing many gram-positive bacteria 
by cell-wall lysis (Pollock et al. 1979). Lactoperoxidase is also an enzyme which, in 
presence of · hydrogen peroxide and thiocyanate, promotes formation of 
hypothiocyanate that interferes with bacterial metabolic pathways (Thomas and Aune, 
1978). Lactoferrin is an iron binding protein, an element essential for many 
microorganisms (Masson and Heremans 1966). Finally, histatins are a unique group 
of salivary peptides with antifungal and antibacterial properties. 
Histatins are a group of low molecular weight proteins which are abundant in 
histidine and found in human parotid and submandibular salivary secretions 
(Oppenheim et al. 1986, 1988, Troxler et al. 1990). All histatins contain seven residues 
of histidine. Histatins 1, 3, and 5, are the major histatins since they represent quantita-
tively, 70-80% of the whole family. Structural data suggest that histatin 1 and 3 derive 
from different genes, while histatin 5 is a degradative product of histatin 3 
(Oppenheim et al. 1988). Whereas histatin 1 is neutral, histatins 3 and 5 are basic 
peptides. Histatin 1 is the only member of the group having a phosphoserine at the 
position 2. In a recent report (Troxler et al. 1990) the structural interrelations between 
the twelve members of the family were revealed. The most prominent characteristic 
in the family is a high degree of homology. Histatin 2 is thought to be a proteolytic . 
product of histatin 1. The other histatins may derive proteolytically from histatin 3. 
Histatins exhibit a wide variety of biological properties. The most important are 
their bactericidal and fungicidal potentials. Preparations enriched in histidine-rich 
proteins induce membrane permeability and are bactericidal against Streptococcus 
mutans (MacKay et al. 1979, 1984). Histatins 1, 3, and 5 are bactericidal against 
members of the Mutans Streptococci group, with histatin 5 being the most potent, 
exhibiting complete killing at 50-100 nmole/ml (Xu and Oppenheim 1990). Enriched 
4 
preparations of histidine-rich proteins are fungicidal (Pollock et al. 1984 ). Histatin 5 
has been shown to be the most active in both killing blastoconidia and germinated 
cells of C. albicans. In inhibition of germination assays, histatin 3 is the most potent 
among the major histatins. Decreased pH enhances both histatin's 1 and 3 activities, 
whereas histatin' s 5 activity is stable. Increase of the ionic strength and of divalent 
cations in the experimental environment reduces the candidacidal activity of histatins 
(Xu et al. 1991 ). 
In addition, _histatins have other biologic activities directly or indirectly 
associated with the non-immune oral defense system. Histatin 1 is a crystal growth 
inhibitor in supersaturated hydroxyapatite solutions (Oppenheim et al. 1986) and might 
belong to proteins involved in the formation of the acquired enamel pellicle (Hay 
1975). Histidine-rich peptides have been shown to enhance glycolytic activity of oral 
bacteria (Holbrook and Molan 1975). Histatin 5 inhibits the proteolytic activity of 
clostripain and P. gingivalis trypsin-like protease (Nishikata et al. 1991). Histatins 5 
and 8 inhibit coaggregation between P. gingivalis 381 and S. mitis ATCC 9811 
(Murakami et al. 1991a). Histatins 5 and 8 inhibit also P. gingivalis hemagglutination 
(Murakami et al. 1990a, b ). Moreover, it has been shown that histatins 3 and 5 induce 
histamine release from rat mast cells in vitro suggesting implications in inflammatory 
processes. 
All these observations indicate that histatins in parotid and submandibular gland 
secretions are an active part of the non-immune oral host defense system. The goal of 
this study was to investigate possible interactions of histatins in the initiation and 
development of periodontal diseases and dental caries. Since the bacterial host in-
teractions in these pathologic conditions are complex, a multi-dimensional approach 
was designed in order to cover many aspects of pathogenesis. 
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Direct bactericidal properties of histatins and histatin fragments against a wide 
range of suspected periodontal pathogens were investigated utilizing buffer and broth 
microdilution assays. Moreover, the effect of histatins and histatin fragments on B. 
f orsythus hemagglutination was studied since attachment of subgingival micro flora to 
erythrocytes for hemin utilization has been shown • to be of great importance in the 
subgingival ecosystem. 
Bactericidal properties of histatin 5 on different Actinomyces species, and 
interactions of histatins with Actinomyces adhesins were studied. The importance of 
these investigations is obvious since Actinomyces species are involved in the initiation 
and progression of root surface caries. A typical adherence assay was used, and spec-
trophotometric monitoring was utilized to investigate the ability of A. viscosus to 
attach to histatin-coated hydroxyapatite beads. An agglutination assay was used to 
investigate possible interactions of histatins with Type 2 fimbriae of A. naeslundii. 
Finally, the effect of histatins 1, 3, and 9, as well as histatin 3 fragments on S. mutans 
acidogenesis rate was investigated. The latter studies were conducted since organic 
acid production has been shown to be directly related to hydroxyapatite demineraliza-
tion and consequently initiation of dental caries. 
Even though other antimicrobial properties of histatins could be also important, . 
the most significant element of this study was the exploration of the bactericidal 
activities of histatins against a wide range of oral bacteria, since the bactericidal 
effects of histatins have been well established against S. mutans and C. albicans only. 
The fragment-peptides were utilized in order to establish possible active domains of 
the native proteins. 
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LITERATURE REVIEW 
HUMAN SALIVARY HISTATINS 
DISCOVERY AND CHEMICAL STRUCTURE 
As often happens in science, the events that led to the discovery and 
purification of the proteins that we now call histatins was troublesome for several 
reasons. Electrophoretic and chromatographic observations suggested the presence of 
basic molecules in human salivary parotid fluids. Bonilla (1969, Bonilla and Stringham 
1970) first reported the isolation of basic proteins from parotid salivary secretions by 
adsorption chromatography on a highly cross-linked polyacrylamide gel (Bio-Gel P-2). 
The adsorbed proteins were readily eluted with 1.0 M sodium chloride. Although at 
that point no data were available regarding the physical parameters of these molecules, 
14% cyanogum gel electrophoresis revealed that the adsorbed material consisted of the 
most basic proteins irr parotid secretions, with bands that migrated much faster than 
lysozyme. 
Azen (1972, 1973), utilizing an acid-urea-starch gel electrophoresis system and 
a stain specific for arginine-rich basic peptides, studied the fastest migrating basic 
proteins of human parotid salivary secretions. He identified a family of five, rich in 
basic amino acids and relatively low molecular weight, proteins named parotid basic 
proteins (Pbs ). He also reported genetic polymorphism of these basic proteins 
determined by autosomal codominant inheritance. The two codominant alleles at a 
single locus (Pb) that control the inheritance were named Pb 1 and Pb2 and three 
phenotypes were described: 
i) homozygous phenotype (1-1) with four bands labeled a, b, d, and e (the commonest), 
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ii) heterozygous phenotype (1-2) with an additional band labeled c (the next most 
common), and another 
iii) homozygous phenotype (2-2) mainly with band c (the least common). 
He attributed the observed variation in intensity and motility of this group of proteins 
to proteolytic degradation of the primary gene products, Pb 1 and Pb2, in the parotid 
gland. In addition, he discovered a group of four basic proteins similar in appearance 
to human Pbs in the parotid salivary secretions of several monkey species of the genus 
Macaca. These primate Pbs showed similar electrophoretic patterns, of somewhat 
slower mobility, and similar degradative changes to their human analogues. 
Azen's genetic approach, coupled with the increasing interest of histones at 
that time, unfortunately, led to a confusing report by Balekjian and Longton (1973) 
who assumed that the three histidine-rich proteins they isolated from human parotid 
saliva with a Bio-Rex 70 resin column, were histones. The proteins isolated had a high 
content of histidine residues (17 .8, 25.4, and 31.9/100 residues respectively). They 
explained their appearance in saliva, as a result of the physiologic turnover of the 
acinar or ductal components of the gland and proposed that they might regulate gene 
expression. 
Hay (1973), realizing the complexity of acquired enamel pellicle formation, 
studied the process of selective adsorption of salivary proteins onto hydroxyapatite in 
vitro, isolated from other events that contribute to the pellicle formation in vivo. 
Utilizing a G50 Sephadex chromatographic column and a conventional disk 
electrophoresis system, he found that a high selective adsorption process was 
occurring. He reported that a group of anionic proteins from both stimulated and 
unstimulated secretions exhibited high affinity for dental enamel powders and · 
hydroxyapatite surfaces. Two prominent pairs of Praline-Rich Proteins (PRP I and II; 
8 
PRP III and IV), and two components named ,Component I and Component II, were 
found to show high affinity for hydroxyapatite and enamel powder. Component I had 
the highest, and Component II the second highest, affinity. Finally, a band named 
Component VII, slightly slower than PRP I, was also adsorbed. This seventh 
component was further resolved into three proteins, presumably a sub-group of 
proteins related to PRPs. Both Components I and II proved to be acidic peptides with 
molecular weights around 5,000 and 10,000 respectively. High levels of tyrosine and 
glutamate for Component I and histidine and aspartate for Component II .were also 
reported. Two years later, Hay (1975), utilizing anion exchange chromatography on 
a DEAE Sephadex A25 column, isolated and further characterized Component II from 
parotid saliva. The chemical composition of this peptide was quite unusual. The most 
striking characteristic was the high content of histidine (190/1000 residues). In addition 
25% of the residues were derived from the dicarboxylic aminoacids with aspartate 
(144/1000 residues) and glutamate (89/1000 residues) predominating. Arginine 
occurred in high quantities (111/1000 residues) and the total aromatic amino acid 
content was also significant. The presence of phosphoryl groups in the molecule was 
also reported. The pl was found to be 7 .04 and the molecular weight was 4,520, 
calculated from the amino acid composition. This histidine-rich peptide exhibited high . 
affinity for hydroxyapatite and, therefore, . was implicated in the early stages of the 
formation of the acquired enamel pellicle. 
The enhancement of glycolysis of oral bacteria by salivary factors was 
repeatedly and extensively investigated by many researchers. Using different methods 
and techniques however, different and often conflicting results were reported. 
Holbrook ·and Molan (1973) showed that there was a clear correlation between the 
glycolysis enhancement and the protein content of the salivary fractions obtained by 
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gel-filtration chromatography, indicating that many proteins in saliva were active. 
However, they noticed that fractions eluted near the bed volume were markedly active. 
They concluded that saliva contained a particularly active enhancing factor or factors 
of low molecular weight, in addition to urea. Attempts for isolation of this factor were 
successful and two years later, the same authors (Holbrook and Molan, 1975) 
identified a small basic histidine-rich peptide in parotid secretions that markedly 
activated glycolysis by microorganisms of the oral cavity. Utilizing Bio-Gel P-2 
chromatography column proposed earlier by Bonilla (1969) the investigators concluded 
that the nature of the peptide was cationic. Ion-exchange chromatography (Sephadex 
CM-25) with a linearly increasing salt gradient to 4.0 M NaCl was utilized to purify 
the glycolysis enhancing factor. Cationic polyacrylamide gel electrophoresis of this 
purified fraction revealed a single fast-moving band, corresponding to the fastest-
moving band of parotid salivary secretion. Amino acid analysis of the purified fraction 
revealed an unusually high concentration of histidine (263/1,000 residues) and, to a 
lesser extent, lysine (177/1,000 residues) and arginine (128/1,000 residues). Based on 
the results of the amino acid analysis an estimate of the minimum molecular weight 
was between 2,500 and 3,000. The discovery of a basic small salivary protein that had 
an unusually high content of histidine residues attracted the attention of investigators . 
and was the starting point for the discovery of histatins. 
Baum et al. (1976), utilizing a four-step chromatographic procedure and 
polyacrylamide gel electrophoresis, described a group of five cationic histidine-rich 
proteins in parotid saliva obtained from an individual (HRP 1, HRP 2, HRP 3, HRP 
4, and HRP 5). Whole saliva contained HRP-5 and traces of HRP-1. These 
investigators isolated the neutral HRP 1 (pl 7 .0), and reported that it contained high 
levels of histidine (17 /100 residues) and had a molecular weight in the range of 5,870-
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5,730. They proposed that HRP-1 was the precursor for the rest of the HR.Ps found in 
saliva and was represented by different electrophoretic bands. They also suggested that 
this neutral molecule upon proteolytic degradation gave rise to increasingly more 
cationic fractions (HRP-3 to HRP-5, pl > 10). When their results were compared to 
those reported by Azen (1972, 1973), it was shown that Pba and Pbb were isolated in 
the HRP 5 region, Pbc was not related to any HRP, Pbd was identical to HRP 4, and 
Pbe was identical to HRP 3. HRP-1 and HRP-2 were not described by Azen who, after 
a personal communication, designated HRP-1 as Pbf according to his nomenclature 
(Figure 1). The peptide isolated by Holbrook and Molan (1975) was a breakdown 
product of HRP-1 according to the authors because the peptide described in that study 
was adsorbed in a P-2 column and was eluted only with 1 M NaCl, whereas HRP-1 
passed through the same column. In contrast, . HRP-3 and 5 were adsorbed on this 
column and were readily eluted with 1 M NaCl. The histidine-rich peptide isolated by -
Hay (1975) appeared to be quite similar to HRP-1 according to the authors. However, 
there were some inconsistencies regarding the amino acid analysis he reported. 
A year later, the same group (Baum et al. 1977a) described an electrophoresis 
method with a very cationic 15% polyacrylamide gel for excellent resolution of all 
histidine-rich peptides simultaneously. The Davis anionic gel is only adequate for 
examination of HRP-1 and HRP-2, while the Reisfeld cationic gel only provides 
suboptimal resolution of HRPs. The electrophoretic PAGE system gave much better 
resolution and enabled further separation of the HRP 5 band into three components 
designated HR.PS, HRP6, and HRP7. Thus, parotid saliva subjected to PAGE 
electrophoresis revealed three two-pair bands consisting of HRP-1 and HRP-2, HRP-3 
and HRP-4, HRP-5 and HRP-6, as well as an additional band for HRP-7. The PAGE 
electrophoretic system proved to be a major tool in the isolation of histatins. 
The same year (Baum et al. 1977b) the histidine-rich polypeptides were 
· compared with nuclear histones from parotid glands and liver of the species Macaca 
I 
mulatta. It was clearly shown electrophoretically, that the so-called histones, reported 
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by the same group (Balekjian and Longton 1973), were in fact not nuclear histones but 
histidine-rich proteins secreted from parotid glands. Therefore, the confusion was 
clarified. 
While many investigators were studying the isolation of histidine-rich proteins, 
Peters and Azen (1977) utilizing electrophoresis of concentrated parotid saliva on their 
acid-urea starch gel system and a Bio-Gel Pl O chromatography column, reported that 
the parotid basic proteins (Pbs) were extremely basic with a pl >9.5. Pbs contained 
45% of the basic amino acids histidine, lysine, and arginine. The molecular weights 
were 7,200 for proteins d and e, 5,800 for proteins a and b, and 6,100 for protein c 
and a. In addition, a high content of histidine (26/100 residues for proteins a and b, 
21/100 residues for d and e and 22.5/100 residues for protein c) was reported. The 
N-terminal sequence which was identical for all proteins was: 
Asp-Ser-His-Ala-Lys-Arg-His-His-Gly-Tyr-Lys-Arg-Lys-Phe-His- Glx-Lys-His-His-
Sla-His-Arg-Gly-Tyr-Asx 
The same group (Peters et al. 1977) isolated another protein form human 
parotid saliva termed the post-Pb protein (PPb) with approximately 8,275 molecular 
weight and 36.6% basic amino acid content. PPb exhibited the characteristics of a, b, 
c, d, and e bands on the acid-urea starch gels. However, because of the differences in 
the N-terminal sequence, any precursor-product between the Pbs and PPbs proteins 
was found to be unlikely: 
Gly-???-His-Glx-Lys-Arg-His-His-Gly-Tyr-Arg-Gly-Phe-Phe-His- Glx-Lys-His-Gly-
His-Sla-Arg-Phe 
It was further speculated that the PPbs were products of a locus different than the Pb 
locus. Examination of the rhesus monkey saliva, revealed close biochemical and 
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immunological relationships between primate and human Pbs proteins. 
Surprisingly, for the next ten years there were no reports on the histidine-rich 
proteins. MacKay et al. in 1984, utilizing a modification of the 15% PAGE cationic 
system (Baum et al. 1977) and a sodium dodecyl sulfate system, reported the 
·appearance of seven major bands (HRP-1 to HRP-7) and of seven minor bands termed 
HRP-2a, HRP-2b, HRP-4a, HRP-4b, HRP-6a, HRP-6b and HRP-6c (total of fourteen 
proteins). They also obtained small quantities of preparations that were enriched in 
these histidine-rich proteins. Freshly collected human parotid saliva was applied to 
cation-exchange chromatography on a Bio-Rex 70 column. Six peaks were obtained, 
and the third peak contained HRP-1 based on electrophoretic mobility patterns 
utilizing the cationic PAGE system. The fourth, fifth, and sixth peaks were divided 
into four pools. The first pool contained mainly HRP-1, HRP-3, HRP-4, HRP-7 and 
traces of HRP-5. The second pool contained HRP-1, HR.P.:.3, HRP-4, HRP-5 and -
HRP-7. The third and fourth pools both contained mainly HRP-3, HRP-5, HRP-6, and 
traces of HRP- 7. Realizing the limitations of this technique, the investigators tried to 
develop an alternative procedure for HRPs isolation. Human parotid saliva was 
dialyzed in 0.1 M ac-etate buffer (pH 4.5), lyophilized, reconstituted in water and 
applied to gel filtration chromatography on a Sephadex G-25 column. The fractions 
obtained were divided into six pools. The second pool contained praline-rich proteins. 
The third pool contained the major quantity of HRPs and mainly consisted of HRP-3, 
HRP-5 and traces of HRP-4 and HRP-6. The fourth pool also contained a mixture of 
HRPs, and the last pool contained mainly HRP-7 and HRP-6a, -6b, and -6c. A second 
fractionation on the same column was necessary to remove contaminant peptides other 
than HRPs. Amino acid analysis of the third pool revealed 48% basic amino acid 
content, half of which was histidine residues (24%). Histidine content among the 
individual peptides ranged between 14 and 35%. It is obvious that both isolation 
procedures were incomplete and provided only pools of HRPs and in trace amounts. 
Oppenheim et al. ( 1986) utilized two different techniques to purify the so-called 
Oppenheim 
Histatin 1 
Histatin 2 
Histatin 3 
Histatin 4 
Histatin 5 
Histatin 6 
Histatin 7 
+ 
···············••''••···••' 
Baum 
HRP-1 
HRP-2 
HRP-3 
HRP-4 
HRP-5 
HRP-6 
HRP-7 
Azen 
Pbf 
Pbe 
Pbd 
13 
Pba, Pbb 
Figure 1. Electrophoretic separation of 
histatins in human parotid saliva in a 
cationic PAGE system. Dark shaded area 
in the anodic half of the gel represents 
parotid saliva proteins other than 
histatins . Earlier nomeclature is provided 
for comparisons. 
(Adapted from Oppenheim et al. 1988) 
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Lys-Arg-His-His-Gly-Tyr -Lys-Arg 
Lys-Arg-His-His-Gly-Tyr-Lys 
Figure 2. Complete amino acid sequences for all the members of the human salivary histatin family. Note the highly conserved core-
structure, common in almost all histatins. (Adapted from Troxler et al. 1990) 
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neutral histidine-rich protein (HRP) from human parotid secretion. The first technique 
included separation on a DEAE Sephadex A-25 column, cation exchange 
chromatography on CM Bio-Gel A, and finally gel filtration on a Bio-Gel P-6 column. 
The second technique included separation on a Triacryl M DEAE and gel filtration on 
Bio-Gel P-6 column. The amino acid sequence of the 38 residues protein was 
detremined by automated Edman degradation, tryptic and Staphylococcus aureus V8 
protease peptides, and digestion with carboxypeptidase A (Figure 2). Carbohydrate 
analysis did not detect sugar moieties. Analysis of the protein by the Kyte and 
Doolittle method suggested that the peptide was entirely hydrophilic. Chou-Fasman 
analysis predicted alpha helix formation (2-7 and 12-19 residues), three beta-turns (8-
11, 20-23, and 31-34), and beta-pleated sheet formation at the carboxyl-terminal part 
(26-29 and 35-38). The molecular weight was 4929 and no structural polarity was 
observed. Even though there were 7 histidine residues, 4 arginines, and 3 lysines -
implying basicity, the coexistence of 3 aspartic acids, 3 glutamic acids, and 1 
phosphoserine led to the neutral nature of the molecule (pl 7 .0). The neutral histidine-
rich polypeptide was an active inhibitor of hydroxyapatite crystal growth proposing 
a crucial role in the stabilization of mineral-solute interactions in oral fluids. It was 
already known by that time that HRP was an important molecule because of its 
affinity for hydroxyapatite surfaces and the implication on the formation of the 
acquired enamel pellicle (Hay 1975). In addition, HRP inhibited the germination of 
C. albicans suggesting a significant antimicrobial role in the mouth. 
. Two years later Oppenheim et al. (1988) established a new nomenclature of the 
histidine-rich salivary polypeptides and they named these proteins his ta tins (Figure 1 ). 
They isolated from human parotid secretion histatins 1, 2, and 3. Complete amino acid 
sequence revealed that the proteins consisted of 38, 32, and 24 amino acids, and had 
molecular weights of 4929, 4063, and 3037, respectively. All proteins contained 7 
residues of histidine. The first 24 amino acids were identical in the three peptides 
except for substitutions of Glu (residue 4) and Arg (residue 11) in histatin 1 with Ala 
16 
and Lys respectively in histatins 3 and 5. Histatin 1 had an insert (9 amino acids), 
absent in histatin 3. Histatin 3 had an insert (3 amino acids), absent in histatin 1 
(Figure 2). Structural data suggested that histatin 1, and 3 derived from different genes 
and that histatin 5 was a degradative product of histatin 3. 
The isolation of histatins proved to be a difficult task since conventional gel 
filtration and ion exchange resins seemed unsatisfactory. It was found though, that 
Bio-Gel P-2 columns were valuable tools for the isolation of histatins. An anomalous 
behavior characterized the chromatographic patterns of parotid saliva on Bio-Gel P-2 
columns, where the first peak contained practically all the other salivary proteins 
except for the histatins which only by themselves comprised several peaks that 
followed the bulk of salivary proteins peak (Oppenheim et al. 1988). Despite the 
inconvenience of pooling a large number of fractions to recover histatins, this 
technique proved to be a simple first step in the isolation of these proteins. Thereafter,. -
the fractions were subjected twice to reversed high-performance liquid 
chromatography, the first utilizing an acetonitrile gradient and the second utilizing 
isocratic conditions, specific for each protein. The cationic PAGE chromatography 
(Baum 1977), is a unique method for separation of histatins that shows a characteristic 
pattern where the upper half of the gel remains unresolved with virtually all the 
salivary proteins, except for histatins, which are finely resolved on the lower part of 
the gel. Three pairs of bands, and one or more bands at the end of the gel are 
resolved (Figure 1 ). 
. Histatins 1, 3, and 5 were named major histatins since they represented 70-80% 
of the area under the peaks of histatins in the chromatographic plots in a proportion 
3: 1 :3, respectively. It was reported that whereas histatin 1 was neutral, histatins 3 and 
5 were basic proteins with net charge +5. Histatin 1 was the only peptide in the group 
having a phosphoserine at position 2 implying high specificity of the glandular kinase 
which was responsible for this phosphorylation. It was also suggested that histatin 1, 
the neutral polypeptide (Oppenheim et al. 1986), and the acidic peptide described by 
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Hay (1973) were identical. Even though, all three histatins retained on Bio-Gel P-2 
columns, only histatin 1, despite its neutrality was retained on anion exchangers. The 
strong negative charge at the amino-terminal (phosphoserine at position 2) was 
responsible for this behavior. The great importance of that study was that the 
purification of histatins enabled meaningful studies on their antimicrobial potential. It 
was reported that all three major histatins were candidacidal on blastospores of C. 
albicans. 
In a recent report (Troxler et al. 1990) the structural interrelations between the 
12 members of the family of histatins isolated from human parotid were revealed. 
Histatins 2, 4, 6 and 7-12 were also sequenced and the result demonstrated a high 
degree of homology within the family (Figure 2). It was proposed that submandibular 
saliva contains also all the histatins that were isolated from parotid saliva. This 
assumption was based on the electrophoretic appearance of the lower half of the -
cationic PAGE system rather on the actual isolation of histatins from submandibular 
secr~tions. 
' Histatin 2 is thought to be a proteolytic fragment of histatin 1. All the other 
histatins can be tryptically or chymotryptically cleaved from histatin 3. The cleaving 
points seem to be quite specific and therefore some control is implied. However 
mechanisms that regulate this cleaving procedure are not known. Proteolytic 
degradation during the isolation process is unlikely to happen despite the complexicity 
of the various steps involved as it is well documented (Troxler et al. 1990). It has been 
prop9sed that the specific cleavage occurs in the endoplasmic reticulum, Golgi 
apparatus, secretory vesicles, or during exocytosis. Proteolysis during passing through 
the glandular duct and after secretion also considered unlikely because it would have 
to happen in an uncontrolled random basis, and therefore could not lead to the 
consistent electrophoretic patterns o histatins observed among individuals. 
Raj et al. (1990) using circular dichroism reported that both histatin 5 and its 
larger fragments (1-16, 9-24, 11-24) preferred a-helix structures in non-aqueous 
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environments, but random coil conformation in aqueous solutions. All shorter 
fragments favored unordered or turn conformations in both environments. 
Recently, another method was reported for the isolation of histatins from whole 
saliva (Sugiyama et al. 1990). Surprisingly, these investigators found no differences 
in histatins content between parotid and whole saliva. The yield from 200 ml of whole 
saliva was about 5, 5, and 9 mg for histatins 1, 3, and 5, respectively. Whole saliva 
was treated at 100°C for 5 min to avoid proteolytic degradation during purification and 
was applied after centrifugation to a heparin-Ultrogel column. Four peaks named A, 
B, C, and D were collected and applied to reversed-phase HPLC on a Chemcosorb 5-
ODS-H column. Peaks B-1, D-2, and C-1 were shown by cationic PAGE 
electrophoresis and amino acid analysis to be identical with histatins 1, 3, and 5, 
respectively. A method to purify a substance from human parotid saliva that inhibited 
hemagglutination of P. gingivalis 381 was described by Murakami et al. (1990a). -
Amino acid analysis showed that the isolated peptide was histatin 8. A four-step 
chromatographic procedure was used. First, the parotid saliva was ultrafiltrated and 
lyophilized. The sample was then chromatographed on a DEAE-Sephadex A-25 
column. The active unbound peak was lyophilized and applied to a Sephadex G-25 
Superfine column. Finally, the active middle peak was subjected to reversed-phase 
HPLC on a YMC-GEL ODS S5 column. The highest peak was lyophilized and 
applied again to a Cosmosil 5Cl 8 column for further purification. The technique 
described was very complex and only the isolation of histatin 8 was fully described. 
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HISTATINS AS ACTIVE BIOLOGIC MOLECULES 
Glycolysis enhancement 
In 1955, Hartles and Wasedell observed for the first time that a water-soluble 
factor in parotid saliva enhanced glycolysis by microorganisms of the oral cavity. For 
two decades several investigators studied repeatedly and extensively this phenomenon. 
Utilization of various methods and techniques resulted in different and often 
conflicting results. Holbrook and Molan (1973) reported that many salivary proteins 
were active in promoting the glycolysis of oral bacteria, but that saliva also contained 
a particularly active enhancing factor or factors of low molecular weight. Attempts for 
isolation of this factor were successful and two years later, the same authors (Holbrook 
and Molan 1975) identified a small basic histidine-rich peptide in parotid secretions, 
that markedly activated glycolysis by microorganisms of the oral cavity. Amino acid -
analysis of the purified fraction revealed an unusually high concentration of histidine 
(263/1,000 residues). The discovery of a basic small salivary protein that had an 
unusually high content of histidine residues attracted the attention of investigators and 
was the starting point for the discovery of histatins and their biologic functions. 
Acquired enamel pellicle formation 
Hay (1975) reported that a histidine-rich protein was among the polypeptides 
that had high affinity for hydroxyapatite and, therefore, he proposed that this protein 
might be involved in the formation of the acquired enamel pellicle. 
Oppenheim et al. (1986) reported that although the neutral histidine-rich 
polypeptide (histatin-1) did not inhibit precipitation of calcium phosphate salts, it 
greatly inhibited crystal growth in supersaturated hydroxyapatite solutions similarly to 
PRPs and statherin. It was concluded that histatin-1 was the only crystal inhibitor with 
only one phosphoserine (PRPs and statherin have two phosphoserine residues). 
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Antibacterial effects 
As soon as the basic nature of hista~ins was established many researchers 
investigated the possible antimicrobial potential of these proteins since lysozyme and 
cationic proteins from polymorphonuclear leukocytes and macrophages exhibited such 
an activity. MacKay et al. (1979) showed that histidine-rich proteins induced 
membrane permeability on radiolabeled S. mutans BHT cells. HRPs (25 ug/ml) 
exhibited 43% release of the radio-label after 1 hour of incubation (lysozyme had 
100% release). A concomitant 44% reduction in colony forming units was also 
observed. 
Iacono et al. (1983) studied the HRP concentrations of both parotid and 
submandibular saliva in caries-resistant and caries-susceptible adults. Densitometric 
analysis of cationic PAGE gels showed that saliva from caries-resistant subjects 
contained quantitatively more HR.Ps compared to carious susceptible subjects -
indicating a direct positive correlation between the HRP levels and caries resistance. 
Enriched preparations of salivary HR.Ps were tested for their antimicrobial 
effects on S. mutans BHT (serotype b), S. mutans GS5 (serotype c), and S. mutans SB 
(serotype c) (MacKay et al. 1984). In the inhibition assay, evaluated 
spectrophotometrically at 670 run, bacteria preincubated with 100-500 mg/ml HRPs 
in low ionic strength buffers, showed delayed growth when placed in nutrient media 
(containing 2-10 ug/ml HRPs). S. mutans BI-IT was the most susceptible (2 ug/ml 
HRPs) while S. mutans GS5 required higher _concentration of HRPs (10 ug/ml) and 
long.er preincubation. Constant but slight growth inhibition was observed with S. 
mutans SB. The decrease in cell concentration of S. mutans SB resulted in an increase 
in the growth inhibition rate indicating an increase of the amount of HRPs bound per 
cell. However, lack of complete inhibition indicated that many cells avoided 
irreversible damage. Experiments showed that HRPs were more effective at acidic pH 
(5.2) whereas they exhibited far less inhibitory potential at neutral pH (6.8). The 250 
ug/ml lethal dose of HRPs on growing cells showed no turbidity even after 48 hours 
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while the ionic strength of the buffer in the working mixtures had no effect on the 
HR.Ps' potency. Much lower HRP concentration (50 ug/ml) exhibited 100% killing 
under non-growing conditions (without inoculation in nutrient media after 
preincubation in buffers). It was proposed that bacteria could repair damages when 
essential substances were available from the environment. 
The antibacterial effectiveness of histatins on different strains of S. mutans 
(serotypes a, b, c, d, e, f, and g) was investigated (Xu and Oppenheim 1990). 
Spectrophotometric -evaluation and the disk diffusion agar technique were utilized. 
Histatins 1, 3, and 5 were all effective, with histatin 5 being the most potent. 
Analytically, and for pH ranging between 6.0-8.0 complete inhibition was observed 
for all serotypes tested at concentrations 100-200 nmole/ml for histatin 1, 50-200 
nmole/ml for histatin 3, and 50-100 nmole/ml for histatin 5 (personal communication). 
By analogy with the fungicidal potential, enhanced bactericidal activity was obtained -
at pH 4.0-5.0. 
Antifungal effects 
In parallel, Pollock et al. (1984) tested an enriched histidine-rich preparation 
against C. albicans 18804, 28517, and 28815. After preincubation for 2 hours in 
presence of HR.Ps (250 ug/ml) and lysozyme (250 ug/ml), aliquots were transferred 
into nutrient medium where they grew in the presence or absence of the same agent, 
at the same concentration used for the preincubation. Spectrophotometric monitoring 
at 600 run was employed and C. albicans showed greater sensitivity after 
preincubation with HR.Ps and lysozyme. Supplementation of the nutrient medium with 
these agents caused greater inhibitory effects and HR.Ps were more effective compared 
to lysozyme. The presence of 250 ug/ml of HRPs in the growth medium resulted in 
complete inhibition of growth for 24 hours with or without preincubation. In another 
experiment C. albicans cells were directly inoculated in medium that contained various 
concentrations (5-250 ug/ml) of HRPs. Concentrations >25 ug/ml completely inhibited 
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cell growth of growing cells (spectrophotometric evaluation) and also had a 99% 
bactericidal effect (CFU determination). Addition of various concentrations of HRPs 
during the growth cycle of C. albicans showed greater susceptibility at lower cell 
densities ( early-growth stage) and similarly high cell concentrations (late-growth stage) 
required higher concentrations of HRPs for growth inhibition. ·under non-growing 
conditions, 90% bactericidal effect was observed with 100 ug/ml of HR.Ps after only 
30 min of incubation. Different degrees of susceptibility were monitored for the three 
strains tested. It was also reported that the loss of viability was well correlated with 
the loss of potassium from C. albicans cells, proposing membrane permeability and/or 
damage (Pollock et al. 1984 ). The potassium release was evaluated by means of a 
potassium-specific microelectrode during a 45-min incubation. Potassium release as 
much as >90% was reported from C. albicans cells after 30 min whereas the 
spontaneous release from the control mixtures was 35% ;· . 
It should be reminded here that all the aforementioned studies were conducted 
with an enriched mixture of histidine-rich proteins. Even though these studies were 
well recognized as a pioneering work in the discovery of the antibacterial activities of 
histatins, someone should be cautious with the numerical data reported. Meaningful 
quantitative studies on the antimicrobial potential of histatins were contacted only after 
their sequence and purification. 
In a preliminary report (Oppenheim et al. 1986) histatin 1 was shown to exhibit 
50% and 80% inhibition of germination of C. albicans B-311 at 0.4 and 1.6 .uM 
concentrations respective! y. The inhibitory effect of histatin 1 was 50-100-fold greater 
compared to lysozyme. Along with the isolation, purification and sequencing of 
histatins 1, 3, and 5 (Oppenheim et al. 1988), it was reported that these proteins were 
candidacidal on blastoconidia of C. albicans B-311 in a dose-dependent manner. 
Almost complete (100%) killing was observed at a concentration of 27 nmole/ml for 
all histatins tested. It was reported that their candidacidal potential was inversely 
correlated to their molecular weight in the order histatin 5 > histatin 3 > histatin 1. 
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Histatin 5, the most potent among the histatins tested, exhibited a 60% killing potential 
even at a low concentration of 2 nmole/ml. · 
Xu and Oppenheim (1989) showed that increase in the ionic strength of the 
environment (0.001-0.1 M) resulted in a decrease of the killing activity of histatins 1, 
2, and 3 o~ C. albicans blastoconidia. In addition, increase of the pH also resulted in 
a decrease of the killing activity from 95, 80, and 60%· at pH 4.0 to 5, 5, and 25% 
at pH 8.0 for histatins 1, 3, and 5 respectively. Finally, it was reported that histatins 
1 and 3 were more effective in killing log-phase than stationary phase cells. 
To examine evolutionary conservation, Xu et al. (1990) investigated the 
presence of histatins in the primate Macaca fascicularis. The cationic PAGE system 
revealed a major band with mobility between the human histatin 1 and 3:That band 
was named M-histatin 1, followed closely by a minor band termed M-histatin 2 and 
a pair of minor bands that had mobility patterns between the human histatins 3 and -
5 that were termed M-histatin 3 and M-histatin 4. Amino acid sequence of the M-
histatin 1 revealed a six-amino acid insert in position 10-15 which was absent in the 
human histatins. With introduction of gaps to maximize homology, the M-histatin 1 
displayed 8~% similarity with human histatin 1 and 91 % similarity with human 
histatin 3. Therefore, it was proposed that, in contrast with humans, who had three 
major histatins, primates had only one major histatin. The M-histatin 1 exhibited 
killing of blastoconidia, killing of germinated cells and inhibition of germination 
activities comparable with or greater than human histatins 1, 2, and 3 against C. 
albicans. 
Raj et al. (1990) investigated the killing potential of histatin 5 isolated from 
parotid saliva utilizing a modification of the method described by Oppenheim et al. 
( 1988), and of histatin-5 and several of its fragments that were synthesized by solid-
phase procedures. CFU evaluation was used in a bactericidal assay after 1.5 hours 
incubation of C. albicans blastoconidia with the agents tested in a nutrient-free 
solution. Candidacidal effects of both synthesized and naturally occurring histatin-5 
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were comparable for both strains tested. Fragment Cl 6 (9-24) showed similar activity 
to the whole protein. Fragment C14 (11-24) was less effective and N16 (1-16) was far 
less effective than the latter, indicating that the C-terminal was the active part of the 
molecule. The increase of the C-terminal region from 12 to 16 residues (C-12--C14--
C-16) resulted in enhancement of candidacidal activity. These results when combined 
with circular dichroism results of the molecule structure showed that a chain length 
of at least 14 residues of the C-terminal and a-helix formation were the key elements 
of the candidacidal ability of histatin-5. 
Recently, Xu et al. (1991) utilized three different bioassays to investigate in 
detail the anticandida functional interrelations between the three major histatins. Since 
the dimorphism of C. albicans is the most prominent characteristic of the species and 
there is an important correlation between the gemiination form and infection, killing 
of blastoconidia, killing of germinated cells, and inhibition of germination, were -
investigated. Despite the high degree of structural homology, major functional 
differences were established. All major histatins were e~ective in killing assays, with 
histatin 5 being most potent and histatin 1 the less active in both killing blastoconidia 
and germinated cells of C. albicans B311 and ATCC 44505. However, in inhibition 
of germination assays, histatin 3 was the most potent among the major histatins. 
Decrease in pH resulted in enhancement of both histatin 1 and 3 candidacidal activity, 
whereas histatin's 5 activity was stable between pH 4.0 and 8.0. Increase of the ionic 
strength and of divalent cations in the experimental solution reduced the candidacidal 
activity of histatins. Various pH and ionic conditions were tested in ·order to obtain a 
more realistic picture of the behavior of the major histatins in the ever-changing 
conditions of the oral environment. Finally, it was reported that log-phase C. albicans 
were more susceptible to histatins 1 and 3 with LD50 values 5.8 and 4.6 respectively, 
than stationary phase cells with LD50 4.0 and 2.8. C. albicans was equally affected by 
histatin 5 (LD50 2.2 and 2.1) for stationary and logarithmic phase cells, respectively. 
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Antiproteolytic activity 
Nishikata et al. (1991) investigated the effect of histatin 5, isolated from human 
parotid saliva, on different proteases. Protease activity was measured by hydrolysis of 
specific synthetic substrates. Surprisingly, it was found that the activity of P. gingivalis 
trypsin-like protease was completely inhibited by 10 uM histatin 5. Clostripain's 
activity was also inhibited, however~ not completely. Collagenase was moderately 
inhibited whereas all the other proteases tested including papain, trypsin, 
chymotrypsin, thrombin, and elastase, were virtually unaffected. The inhibition seemed 
to be quite specific-since both P. gingivalis trypsin-like protease and clostripain shared 
similar enzymatic activities. They are both sulfhydryl-dependent and have a strict 
cleavage specificity similar to that of trypsin showing a distinct preference for arginine 
over lysine in hydrolyzing synthetic substrates. Even though the mechanism of 
inhibition is not clear, it has been proposed that histatin 5 binds · to the active site of -
the molecule forming a noncovalent bond and therefore inactivating the protease. The 
great importance of such an activity is obvious since enzyme activities of P. gingivalis 
and of other bacteria are associated with periodontal destruction. Therefore, histatin 
5 might play a preventive role against periodontal disease. 
Inhibition of hemagglutination 
In light of the fact that the hemagglutination activity of P. gingivalis has been 
shown to be inhibited by high molecular weight components of whole saliva, 
Murakami et al. (1990b) investigated the effect of synthetic histatin 5 on this 
phenomenon. Agglutination mixtures were allowed to stand for 90 min and their titre 
was calculated upon visual evaluation. A spectrophotometric approach was also 
utilized based on the change of the optical density of the reaction mixtures after 5 min. 
Histatin 5 along with two of its fragments named peptide I (17-24 residues) and 
Peptide II (9-24) were tested. Complete (100%) hemagglutination activity of P. 
gingivalis 381 was observed with histatin 5 at a concentration 5 nmole/ml, with 
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Peptide II at 10 nmole/ml, and with Peptide I at 100 nmole/ml. It was proposed that 
histatin 5 might bind electrostatically to either the adhesins of P. gingivalis or on the 
erythrocytes. Histatin 5, therefore, might play an inhibitory role on the colonization 
of P. gingivalis in the mouth. The same investigators (Murakami et al. 1990a) 
reported that histatin 8 isolated from human parotid secretion also inhibited 
hemagglutination of P. gingivalis 381. The protein was purified with a complicated 
method. Even though it was mentioned that both native and synthetic histatin 8 
exhibited similar inhibitory activity on P. gingivalis 381 hemagglutination, no 
quantitative data were reported. An important point of the study was the statement that 
the amino acid sequence of histatin 8 was present in histatins 3, 4, 5, 6, 7, 9, and 10 
and therefore, inhibition of hemagglutination might be exhibited by virtually all the 
members of the family of histatins. 
The importance of the arginine residues of histatin 8 in the inhibition of -
hemagglutination of P. gingivalis was noted also by the same group (Murakami .et al. 
1992b). Synthetic histatin 8 (1-12) and several fragments of this peptide (1-5, 1-10, 
5-12, 5-10, and 5-9) were tested for their inhibitory potential. Histatin 8 and fragment 
1-10 showed almost 100% inhibition at 20 nmole/ml, and fragments 5-10 and 5-12 at 
100 nmole/ml. Fragments 5-9 and · 5-10 differ only in the amino acid at position 10 
which is an arginine residue. At the same concentration (100 nmole/ml) fragment 5-10 
which includes the arginine residue exhibited 80% inhibition, whereas fragment 5-9 
which is missing the arginine, had virtually no inhibition potential (4%). It was 
proposed that the arginine residues present in histatin specifically interacted with the 
receptors on the surface of P. gingivalis cells. Nishikata and Yoshimura (1991) 
speculated that arginine was the residue on the erythrocytes that bound to the 
hemagglutinins of P. gingivalis. Therefore, it seemed that the inhibition process was 
based on the binding of arginine residues of histatins to P. gingivalis hemagglutinins 
which become unavailable for binding with the arginine residues on the surface of the 
erythrocytes. 
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Inhibition of coaggregation 
A very important activity of human salivary histatins on microbial 
coaggregation was revealed by the same investigators (Murakami et al. 1991). The 
coaggregation between P. gingivalis 381 and S. mitis ATCC 9811 was significantly 
inhibited by synthetic histatin 5 and 8. The inhibition of coaggregation was determined 
spectrophotometrically at 550 nm after 5 minutes from the beginning of the reaction. 
Lysozyme was the most potent inhibitor tested with 50% inhibition at 1.3 nmole/ml. 
Histatin 5 exhibited a significant activity with 50% inhibition at 14 nmole/ml and 
histatin 8 showed a lower inhibitory activity with 50% inhibition at 62 nmole/ml. 
Complete inhibition (100%) of coaggregation was obtained by histatin 5 at 500 
nmole/ml. Tritium-labeled histatin 8 clearly bound to P. gingivalis cells, but not to S. 
mitis. Histatin 5, and to a lower degree histatin 8, might play important inhibitory role 
in the attachment of P. gingivalis to gram-positive bacteria in the mouth and, -
therefore, might have a preventive function in the colonization of this periodontal 
pathogen. 
Histamine release 
Another biologic activity of histatins with an equivocal clinical significance in 
the oral environment was reported by Sugiyama et al. (1990). Histatins 3 and 5 were 
shown to induce degranulation of rat mast cells and histamine release in vitro. 
Histamine is an inflammatory mediator that increases vascular permeability and 
effectively recruits agents of the immune response. The study evaluated 
fluorometrically the histamine concentration in solutions where mast cells were 
incubated with histatins for 10 min at 37°C. Histatins 3 and 5 induced 60% histamine 
release (percentage of the total cell content) at a concentration of approximately 40 
uM whereas histatin 1 was found to be far less effective requiring a concentration of 
130 uM for the same histamine release. Since histatin 5 is considered to be a 
proteolytic product of histatin 3 and both histatin 3 ·and 5 exhibited exactly the same 
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histamine releasing curves it was proposed that the structural conformation of histatin 
5 was a requirement for the histamine release activity. It was also proposed that 
histatins might stimulate the mast cells into participating in acute inflammatory 
reactions. However, histatins naturally occur only in salivary secretions and therefore 
do not directly contact mast cells in tissues. The observed effect of histatins 3 and 5 
on mast cells needs to be further investigated for its clinical significance in vivo. 
Histatin receptors 
It was proposed earlier by Murakami et al. (1990b) that histatin 5 might bind 
electrostatically to adhesins of P. gingivalis or erythrocytes giving rise to the 
hemagglutination inhibitory effect. Further studies by the same group (Murakami et 
al. 1992a) revealed the presence of specific receptors for histatin 8 on the cell surfaces 
of P. gingivalis. Synthetic histatin 8, radiolabeled with Na1251 exhibited binding to P. -
gingivalis within 1 min, reached a plateau in 10 min, and remained bound for at least 
' 2 hours. Binding of histatin 8 to P. gingivalis cells was rapid, reversible, saturable, 
specific, but with low affinity. Specific binding of radiol~beled histatin 8 to human 
erythrocytes was insignificant. Scatchard analysis of the binding data suggested a 
single class of binding sites and revealed approximately 15,000 binding sites per cell. 
The Kd value was 1.5 nmole/ml. Chemical cross-linking of radiolabeled histatin 8 to 
bacterial cells and analysis by SDS-PAGE and autoradiography revealed the presence 
of two bands of his ta tin 8 receptors with 44 k:Da and 41 kDa molecular mass. Hence, 
ei~er the receptor was a dimeric molecule, or there were actually two receptors for 
histatin 8 on the surface of P. gingivalis cells with similar molecular weights. Presence 
of cu++ enhanced 30-fold the binding activity of histatin. It was proposed that copper 
ions might bind to the imidazole rings of histidine residues forming chelate 
compounds on one side, and react at the same time with the SH group on histatin 8 
receptors on the other side. 
In a similar fashion, specific receptors for histatin 5 on cell surfaces of P. 
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gingivalis 381 were also identified (Murakami et al. 1991). Synthetic histatin 5 bound 
to P. gingivalis 381 within 5 minutes, reached a plateau in 30 minutes that remained 
stable for at least 2 hours. The binding characteristics were similar to those of histatin 
8. Scatchard analysis of the binding data suggested a single binding site-receptor and 
revealed approximately 3,600 histatin 5 receptors per cell. The apparent Kd value was 
3.9 nmole/ml. 
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MICROBIOLOGY AND PATHOGENESIS OF PERIODONTAL DISEASES 
AND DENTAL CARIES 
The oral microflora is a mixture of bacterial species and its qualitative 
composition depends heavily on the particular area of the mouth. Thus, mucosa! 
surfaces, tongue, teeth, periodontal pockets, and saliva have distinctly different 
bacterial populations. Such tropism is attributed to the adhesive properties of 
microorganisms, the nature of target surfaces, as well as the environmental conditions, 
including bacterial interactions. It is beyond the aims of this document to provide a 
detailed analysis of all the basic knowledge on oral microbiology. The purpose of this 
review is to present an up-to-date summary of the clinical implications of the 
microorganisms utilized in this study. Dental caries and periodontal diseases, the 
commonest oral infections, for which complicated yet controversial data are available, -
will be discussed. 
The uniqueness of dental caries and periodontal diseases is that in contrast with 
most localized body infections, they are caused by the normal commensal microflora. 
The pathologic agent is a combination of microorganisms with various physiologic and 
biochemical characteristics which not only differ among individuals, but also among 
different areas in the mouth of the same person. 
The salivary glands produce 1-1.5 liters of saliva every day (Mandel 1988) 
with a flow rate ranging between 0.3-3 ml/min depending on the stimulation status 
(Sreebny and Broich 1987). Microorganisms in saliva represent actually an overflow 
of the oral microflora. Considering the low growth rate of mi~roorganisms in saliva 
and removal by salivary agglutination, it is evident that in order to maintain 
themselves in the oral environment bacteria have to attach to surfaces, specifically in 
areas where the mechanical cleansing forces of the masticatory system are minimal. 
The importance of bacterial attachment is recognized as the essential initial phase for 
colonization and plaque formation (Gibbons 1989, van Loosdrecht et al. 1990). 
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Bacteria can loosely attach to surfaces by low specificity forces. However, they must 
develop stronger links to overcome salivary flow forces. Microorganisms possess 
specials ligands called adhesins ( often residing on fimbriae) that bind to 
complementary structures called receptors. Animal cells, constituents of pellicle, and 
bacterial surfaces present with various receptors. Utilizing their adhesins, 
microorganisms exhibit an exceptional tropism in their colonization patterns (Gibbons 
1989). 
Dental plaque is a bacterial deposit on oral hard tissues formed by bacteria and 
their metabolic by-products, as well as various salivary and crevicular fluid 
components. The organic frame, host- and bacteria-derived, is the environment within 
the interactions between bacteria and microorganisms and the host occur. The ultimate 
result of these interrelations is the expression of health or disease in the mouth. Hard 
oral tissues exposed in the salivary flow acquire an 1-2 um thin film on their surfaces -
known as pellicle (Meckel 1965). Even though pellicle normally forms on enamel, it 
can form also ·on any hard dental tissue including exposed cementum and dentin. This 
organic thin film is normally composed by salivary proteins and glycoproteins. In 
addition, the contribution of crevicular fluid is significant at least when inflammation 
is present and components such as albumin me also constituents of the pellicle (Rolla 
1983). 
Periodontal diseases 
· Periodontal disease is an infection of the supporting structures of teeth, an 
inflammatory progressive destructive process resulting in bone loss and ultimately, 
exfoliation of teeth. Periodontal disease activity refers specifically to the stage of the 
disease characterized by loss of bone and connective tissue attachment (AAP, 
Proceedings of the world workshop in Periodontics, 1989). Periodontal diseases are 
episodic in nature, characterized by periods of remission and exacerbation (Goodson 
et al. 1982), even though the periodontal tissues remain chronically inflamed. 
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It was not long ago that the relation between bacterial accumulations and 
periodontal disease was established (Loe et al. 1965, Theilade et al. 1966). Prior to 
1970s, it was thought that the quantity of plaque rather than its composition is 
responsible for inflammatory changes (non-specific plaque hypothesis). According to 
the currently accepted specific plaque bypothesis, certain microorganisms are 
associated with periodontal diseases (Haffajee and Socransky 1994, Moore and Moore 
1994 ). Differences in microbiota have been reported for diseases with distinct clinical 
manifestations. In adult periodontitis characterized by rapid bone loss, large numbers 
of P. gingivalis are found in the flora associated with the lesion sites (Loesche et al. 
1985, Moore 1987, Slots 1979). Juvenile periodontitis (specially the localized form) 
is associated with A. actinomycetemcomitans and Capnocytophaga species (Moore and 
Moore 1994 ). In acute necrotizing ulcerative gingivitis P. intermedia and spirochetes 
are prominent in the gingival flora (Loesche et al. 1982). 
The relation between periodontal diseases and specific bacterial causative 
agents does not strictly fit the Koch's postulates (Haffajee and Socransky 1994). Other 
factors than . the simple presence of bacteria and the hos~ influence and affect the 
initiation and progression of the disease. Moreover, it is difficult to define a specific 
microorganism as a periodontal pathogen and many reasons account for this. Several 
of the more than 300 subgingival bacterial species are difficult to grow with usual 
microbiologic techniques. Since the nature of the disease is periodic, the sampling 
must be performed during exacerbation of periodontal destruction in order to obtain · 
significant results. Various sites in the same mouth with different disease activities 
present with unsimilar microflora. Finally, isolated strains may be present with 
different virulence potentials that are difficult to identify. 
P. gingivalis and P. intermedia were previously classified as members of the 
"black-pigmenting Bacteroides" family but after the new reclassification their 
taxonomic status was clearer. The association of- -/!. gingivalis with periodontal 
diseases has been extensively investigated. P. gingivalis is highly virulent, possessing 
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enzymes such as proteases and collagenase and producing highly toxic metabolites 
(Slots and Genco 1984 ). In experiments with animals this species has been shown to 
be able to induce severe periodontal destruction (Ebersole and Kornman 1991, Evans 
et al. 1992). P. gingivalis counts are elevated in periodontally active lesions and 
decreased in healthy sites (Dzink et al. 1988, Slots 1977). 
P. intermedia species was recently separated into two distinct species. One 
retains the old name and the new one is called P. nigrescens (Shah and Gharbia 1992). 
This reclassification is an obstacle for interpretation of results from previous studies 
but nevertheless P. intermedia shares many common virulent factors with P. 
gingivalis (Slots and Genco 1984) and is also able of inducing periodontal destruction 
in animal models (Mikx et al 1984). Similarly, it is clinically associated with 
periodontal disease (Ashley et al. 1989, Wolff et al. 1993) and is eliminated after 
successful treatment of the disease (Dzink et al. 1988). 
A. actinomycetemcomitans has been extensively studied and was the first 
"suspected" periodontal pathogen because of its strong association with periodontal 
destruction in localized juvenile periodontitis (Newman et al. 1976, Zambon et al. 
1983). Successful treatment results in elimination or decrease of the microorganism 
(Christersson et al. 1992, Slots and Rosling 1983). A. actinomycetemcomitans produces 
leukotoxin (Baehni et al. 1979) and several destructive enzymes and toxic by-products 
(Slots and Genco 1984 ). It also has the unique ability of penetrating into tissues and 
it was shown to invade epithelial cells in vitro (Sreenivasan et al. 1993). 
Even though it was thought initially that B. forsythus was a relatively 
uncommon subgingival species, many reports lately have revealed the association of 
this periodontal pocket colonizer with destructive forms of periodontal diseases (Dzink 
et al. 1988, Gmur et al. 1989). Delayed recognition of the importance of B. forsythus 
in periodontal destruction was due to weaknesses of conventional microbiologic 
methods for isolation, maintenance, and cultivation (Tanner et al. 1989). Improvement 
of micro biologic techniques revealed the fastidious nature of this microorganism which 
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had an unusual requirement for N-acetylmuramic acid (Wyss 1989) in order to grow. 
Similarly to P. gingivalis, B. forsythus produces sialidase and a trypsin-like enzyme 
which are potential virulence factors (Holt and Bramanti 1991, Monda et al. 1991). 
Other subgingival bacteria have been implicated in the etiology of periodontal 
diseases and even though they have not been thoroughly studied yet, available data 
indicate strong associations. F. nucleatum (Dzink et al. 1985, 1988), and P. micros 
(Dzink et al. 1988, Moore et al. 1983) have been isolated in high numbers form 
periodontal lesions and they possess a number of virulence factors that could be 
associated with tissue destruction (Gemmell et al. 1993, Carlsson et al. 1993). 
Since periodontal diseases are "specific" infections, diagnosis of the disease 
should depend on identifying specific bacteria involved. Identification and monitoring 
of microorganisms is a new approach for the therapy of periodontal diseases and 
provides a rationale for treatment of these specific infections. Applications for -
· microbiologic assessment might be the determination of the causative agents, 
assessment of disease activity and treatment, identification of persons at risk for the 
. initial, recurrent or refractory episodes of the disease (AAP, Proceedings of the world 
workshop in Periodontics, 1989). Few methods for microbiologic assessment can be 
utilized (Wilton et al. 1988, Kornman 1987). Microbial culturing is a standard method 
for determining the microbial composition of plaque samples and the susceptibility of 
these microorganisms to various antimicrobial agents. DNA probe tests do not depend 
on bacterial viability and detect specific sequences of nucleic acids of SJ?ecific 
bacterial species (available commercially for A. actinomycetemcomitans, P. gingivalis, 
and P. intermendia). Microbial enzyme tests detect the presence of bacterial enzymes 
in saliva and crevicular fluid. Simple microscopic methods such as phase- and dark-
field microscopy are also utilized. Immunologic assays are based on antigen-antibody 
reactions and include agglutination assays, enzyme-linked immunosorbant methods 
(ELISA), and immunofluorescence techniques (direct and indirect). However, the 
relation between elevated 'levels of antibodies against specific bacteria with disease 
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activity is not clear because elevated titers might be simply an indication of a past 
infection. 
The pathogenesis of periodontal disease can be distinguished in several stages, 
namely colonization, invasion, destruction, and healing (Genco and Slots 1984 ). Even 
though the boundaries of these stages are not always clear and overlaps occur, these 
distinctions provide an organized framework for easy and comprehensive analysis and 
study of the whole process. Various interactions among bacterial species can affect the 
composition of the local microflora through the promotion or inhibition of growth of 
selected pathogenic as well as non-pathogenic (also called beneficial) bacteria (Moore 
and Moore 1994). 
After colonization, the bacteria and primarily their products invade the gingiva 
and enter the connective tissues to various depths. Even though deep bacterial 
penetration is limited, direct invasion has been shown in cases of localized juvenile -
periodontitis, ANUG, and other forms of periodontal diseases (Genco and Slots 1984). 
Systemic immune responses to organisms of the subgingival microflora suggests 
penetration of the tissues by bacterial products. 
Bacteria are able to cause periodontal destruction by direct injury of the host 
tissues with various toxins, enzymes, and highly toxic metabolic end-products. They 
also act indirectly by triggering host-mediated responses that result in self-injury 
(Genco and Slots 1984 ). Toxins are distinguished in exotoxins and endotoxins. 
Endotoxins are structural components of gram-negative bacteria released after bacterial 
lysis. Exotoxins can cause direct tissue injury and might exhibit specific affinity for 
certain cell types. Leukotoxins that can easily destroy neutrophils are produced by A. 
actinomycetemcomitans and epitheliotoxins that are fatal for epithelial cells are 
secreted by P. gingivalis, P. intermedia and A. actinomycetemcomitans (Slots and 
Genco 1984 ). On the other hand, enzymes of both bacterial and host origin are able 
to destroy proteins like immunoglobulins that play a key role in the host defense and 
eliminate various structural barriers (Slots and Genco 1984 ). Bacterial enzymes include 
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proteases and · collagenases, hyaluronidase, chondroitin sulfatase and others. Some 
bacterial enzymes such as peroxidase and catalase may play an important role in 
neutralizing the oxygen-dependent host defense mechanisms of phagocytes. Part of the 
tissue destruction associated with periodontal disease is caused by host-mediated 
inflammatory mechanisms. Bacteria can trigger immune-mediated host response to 
injury by initiating inflammation through a, variety of pathways, primarily those 
involving secretion of lymphokines from activated lymphocytes and activation of 
compliment (Myrvic and Weiser, 1984). In most cases the microorganisms or their 
products account for the initiation and persistence of host-mediated tissue destruction. 
This tissues injury is a by-product of the host response which protects the host against 
bacterial attack (Myrvic and Weiser, 1984). 
The healing stage has not been well studied so far. We know that periodontal 
disease is episodic, undergoing cycles of remission and active destruction. Remission -
is characterized by reduction of inflammation, repair of gingival collagen and fibrosis 
(Goodson et al. 1982, Genco and Slots 1984). 
The secretory immune system, the neutrophil-antibody-complement system, and 
the lymphocyte-macrophage-lymphokine system are components of the immune system 
that participate in the pathogenesis of periodontal disease (Genco and Slots 1984). IgA 
antibodies formed by the secretory immune system are the prominent antibodies that 
bathe the mucosa! surfaces. As mentioned before, antibody-mediated inhibition of 
adherence may play an important role in bacterial colonization. 
The neutrophil-antibody-complement system exhibits a protective role through 
its ability to limit tissue invasion. The ro1e of neutrophils is critical since patients with 
compromised neutrophil numbers or function (agranulocytosis, Chediak-Higashi 
syndrome, diabetes) exhibit severe periodontal destruction (Van Dyke et al. 1985). 
These highly mobile cells migrate in large numbers from the gingival blood vessels, 
through the gingiva, into the gingival crevice. They contain a number of 
multifunctional antimicrobial components and exhibit several mechanisms of 
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antibacterial activity and therefore regulate bacterial invasion (Myrvic and Weiser, 
1984). The neutrophil acts synergetically with IgG and lgM antibodies and 
complement. The IgG coats the microorganisms and the complex b~ds to neutrophil 
surface receptors for the Fe portion of the IgG, enhancing phagocytosis. lgM, and to 
some extent IgG, may also coat bacteria _and the complex binds the C3 complement 
component. Neutrophils have receptors for the C3b complement component and they 
bind the multi-complexes, enhancing phagocytosis. After phagocytosis by the 
neutrophil, bacteria are destroyed by oxidative (hydrogen peroxide, superoxide ions, 
hydroxyl radicals) or non-oxidative (lysozyme, lactoferin, cathepsins, defensins) 
mechanisms. 
The lymphocyte-macrophage-lymphokine system may contribute to periodontal 
tissue destruction. It is comprised of effector T lymphocytes that exhibit 
multifunctional activities under control of both T helper and T suppressor -
lymphocytes. Macrophages are antigen-presenting cells that also produce many factors 
and substances involved in host defense and inflammation. Activated macrophages 
secrete many molecules including prostaglandins, the cytokines interleukin 1 (IL-1) 
and tumor-necrosis factor-a (TNF-a) and enzymes such as collagenase that cause tissue 
destruction (Dinarello and Mier 1987, Johnston 1988, Page 1991). Similarly, activated 
lymphocytes secrete IL-1 and lymphotoxin. (LT) with properties similar to TNF-a. 
Fibroblasts and macrophages stimulated by cytokines secrete enzymes responsible for 
periodontal tissue breakdown (Page 1991). During the healing stage, macrophages 
remove components of destroyed microorganisms as well as damaged tissue 
components (Johnston 1988). Growth factors produced by leukocytes, particularly 
mononuclear phagocytes are thought to be important in stimulating the cellular events 
associated with tissue repair. Platelet-derived growth factor (PDGF), Fibroblast growth 
factor (FGF), Epidermal growth factor (EGF), Insulin-like growth factors (IGFs) are 
polypeptide growth factors that amplify and accelerate wound healing and tissue repair 
(Lynch 1991). 
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Dental caries 
Dental caries is a slow degradative process of the mineralized components of 
oral hard tissues resulting in complete destruction of the structural integrity of teeth 
to variable depth and extent. It was very early realized that caries was a result of the 
bacterial organic acids on the mineralized matrix of teeth (Miller 1890). Even though 
the presence of microorganisms is a prerequisite for development of dental caries, 
other factors including the host defence system, dietary habits, and time are necessary 
for the development of the disease. Realization of the complex interactions between 
these factors had a dramatic decrease in the prevalence of dental caries in the western 
societies. 
Despite the fact that enamel is the hardest tissue in the human body, 
hydroxyapatite, its mineral content, is vulnerable to bacterial acids produced by -
fermentation of carbohydrates. The demineralization process is a complex mechanism 
that depends on local pH, temperature, and ionic· strength. At normal salivary pH 
hydroxyapatite is under a dynamic equilibrium of mineralization-demineralization. 
However, if the pH drops to the "critical value" of 5.5 as a result of bacterial acid 
production, the equilibrium is disturbed, and demineralization occurs. Hydroxyapatite 
· crystals dissolve and the integrity of the enamel is jeopardized. 
The rapid catabolism of carbohydrates leads to a fast decrease in the local pH 
which returns to the normal values within an hour (Stephan 1940). Several buffering 
systems in saliva are responsible for this slow shift to neutrality. When the 
environment returns back to normal the mineralization process is favored and 
reformation of hydroxyapatite occurs. Dental caries can be arrested in its early stage 
if the local environment favors remineralization of the incipient lesion. The importance 
of saliva is evident in patients with Sjogren's syndrome or patients that had received 
radiation therapy in the area of the head and neck. Both conditions present with low 
salivary flow and rampant caries. 
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Even though the salivary carbohydrate concentration is low, significant 
elevation occurs after meals. Bacterial metabolic pathways are designed accordingly 
to this periodic and fast exposure to carbohydrates for their optimal utilization. In 
excess of sugar, the glycolysis rate significantly increases and lactic acid is produced 
very fast (Carlsson and Griffith 1974). Under sugar excess, lactate is the strongest 
acid produced. Under sugar fasting conditions, acetate is the most prominent acid, with 
small levels of propionic, succinic, formic, and butyric acids (Carlsson and Griffith 
1974, Van der Hoeven 1976). 
Except for the optimal use of catabolic pathways, microorganisms have also 
additional mechanisms for maximum use of carbohydrates. Special extracellular 
enzymes called transferases are able to break down simple disaccharides such as 
sucrose into glucose and fructose and build extracellular polysaccharides (dextrans or 
glucans from glucose and levans from fructose). The high energy bond between -
glucose and fructose in the sucrose molecule is utilized in the synthesis (Hamada and 
Slade 1980). Extracellular polysaccharides serve as adhesive molecules for further 
attachment of bacteria onto the deJ?.tal plaque and thus promotes its maturation. The 
extracellular polysaccharides can be used for energy production under carbohydrate 
starvation conditions. In addition, bacteria produce and store intracellular 
polysaccharides (Hamada and Slade 1980). 
Significant research information has been accumulated, but the microbiology 
of dental caries is still a field of debate. Many reasons account for these conflicts 
including difficulties in plaque sampling, weaknesses of microbiological processing, 
as well as statistical interpretation of the results. With the available data, and even 
though opposing theories supported by studies have been· proposed, it seems that 
dental caries is a localized infection. It is II specific II in the sense that is caused by a 
combination of etiologic microorganisms such as members of the group of Mutans 
Streptococci, Lactobacillus, and Actinomyces species. Without totally excluding other 
microorganisms, these bacteria have been strongly correlated with . the initiation and 
40 
progression of dental caries in clinical studies. They also have the biochemical 
characteristics associated with the clinical manifestations of the "infection". 
The term Mutans Streptococci describes essentially a group of seven species 
up to date (Koneman et al. 1994). S. mutans with serotypes c, e, and f, and S. sobrinus 
with serotypes d, and g are primarily human isolates, with serotypes c, d, and e most 
frequently isolated. S. cricetus, S. ferrus, and S. rattus are rodent isolates, and S. 
macacae and S. downeii are found in monkeys. Both prevalence and incidence of 
caries have been found to be well correlated with S. mutans CFUs in plaque and saliva 
in clinical trials. Moreover this species was found to be correlated with progression 
of caries and have been isolated frequently from incipient lesions. Experimental studies 
in animals showed that is the most effective caries-inducer streptococcus. S. mutans 
possess many metabolic characteristics strongly connected with the development of 
dental caries. It produces the extracellular polysaccharide dextran (glucan) that is also -
. known as "mutan" due to its unusual insolubility when compared to other dextrans. 
It has the ability of rapid fermentation of a wide range of carbohydrates and fast 
subsequent production of lactic and of other organic acids (acidogenic). S. mutans is 
able to grow under extremely acidic conditions (acidophilic) and maintain its ability 
for acid production under these acidic environments (Bender et al. 1986). In addition 
it accumulates intracellular polysaccharides to be utilized during starvation periods. 
Lactobacilli is another group comprised of many species, categorized basically 
in two groups. Lactic acid is the main product of glucose metabolism for the first 
group (L. casei, L. acidophilus) whereas the second group includes species (L. 
fermentum) that produce in addition acetic acid, ethanol, and CO2• Once believed that 
are key organisms in the dental caries, these bacteria seems to be more involved in the 
progression of established lesions. Conflicting results have been reported in clinical 
trials. Accounts in plaque and saliva are well correlated with caries, even though 
carbohydrate intake is not always correlated and the bacteria have not been isolated 
from incipient lesions. Lactobacilli can induce caries in experimental animals. 
41 
Biochemically, these bacteria have the potential of cariogenic pathogens. They are able 
to produce both extracellular and intracellular polysaccharides. They can ferment 
carbohydrates producing organic acids even at very low pH, under which are still able 
to multiply (Hamilton et al. 1985). 
Actinomyces species were considered to be associated with root surface caries. 
Jordan and Hammond (1972) isolated A. viscosus; A. naeslundii, and Actinomyces 
"intermediate" strains from root surface lesions. Two years later Sumney and Jordan 
(1974) identified A. odontolyticus as well. In 1975, Syed et al. reported that A. 
viscosus might be the main causative agent in human root surface caries. However, 
later studies placed more emphasis on S. mutans and Lactobacilli whose presence 
could be used as a microbiologic marker for the root caries risk (Ellen et al. 1985 a, 
b, Emilson et al. 1988). As Bowden (1990) states, "in contrast to the emphasis placed 
on Actinomyces in root caries up to 1975, the more recent data have not shown a 
significant role for this organism". Brown et al. (1986) reported that Actinomyces were 
isolated in higher numbers from caries-free sites than root lesions. Unfortunately, the 
existing diversity in taxonomy is an obstacle to completely solve the problem and to 
evaluate the conflicting data reported. 
The cariogenic potential of Actinomyces species has been well established. 
Actinomyces have a fennentative type of metabolism. Glucose fermentation end 
products include formic, acetic, lactic, and succinic acid. It was repeatedly shown that 
A. viscosus and A. naes/undii induce root surface caries in laboratory rodents. · 
Komiyama et al. (1988) reported that A. viscosus and A. naeslundii originating from 
root surface caries synthesize twice as much glycogen as the strains from non-caries 
surfaces. They also degrade this stored polymer slowly under starvation, particularly 
in acidic environment. This is of great importance when considering that acid 
production from stored glycogen might be the process through which plaque is 
enriched with bacteria resistant to low pH. 
Comparative studies had tried to establish the relation between root caries and 
specific microorganisms without significant results. A. viscosus showed a lower 
acidogenic potential when compared to S. mutans (Ellen and Onose, 1978). In an in 
vitro comparative investigation 4.4, 5, and 5.2 pH values on the root surface and 121, 
83, and 34 um lesion depths were reported respectively for S. mutans, L. casei, and 
A. viscosus (Kaufman et al. 1988). Levan, an extracellular polysaccharide produced 
by several microorganisms was shown to be degraded by A. viscosus (Miller and 
Somers, 1978), extending the acid production period in dental plaques. 
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MATERIALS AND METHODS 
STRAINS AND CULTURAL CONDITIONS 
All bacterial strains were routinely subcultured and maintained by regular trans-
fers to appropriate broths and agar plates supplemented with various nutrients when 
necessary, according to the species. Cultures were stored in appropriate broths contain-
ing 20% glycerol (-20°C) and 50% glycerol (-7G°C). These served as reference stock 
cultures from which all preparations originated. Working stock cultures were main-
tained by weekly transfer on appropriate agar plates. For the assays conducted, colo-
nies from these plates were inoculated in appropriate broths and grown to stationary 
phase. These cultures were subcultured in broths until reaching the growth phase nec-
essary for each experiment. 
Bacterial strains utilized in experiments were tested weekly for the purity of the 
cultures. Colonies were routinely transferred in appropriate broths. Grown organisms 
were spread on appropriate agar plates and colonies were examined after full growth. 
These steps were performed to check for possible contaminations and in order to avoid 
laboratory mutations. Aerobic and anaerobic growing conditions were utilized, accord- . 
ing to the growing requirements of the microorganisms. For strictly anaerobic growth 
(85% N2, 10% H2, 5% CO2) an anaerobic incubator (Plas Labs, Lansing, MI) was uti-
lized. 
Actinomyces species 
The three bacterial strains used are typical representatives of three Actinomyces 
species, namely Actinomyces viscosus, Actinomyces naeslundii, and Actinomyces 
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odontolyticus. A. viscosus L Y7 and A. naeslundii ATCC 12104 were kindly provided 
by the Forsyth Dental Center (Boston, MA). A. odontolyticus ATCC 17929 was 
purchased from the American Type Culture Collection (Rockville, lVID). A. viscosus 
L Y7 was originally isolated from human dental plaque, A. naeslundii ATCC 12104 
was isolated from human sinus, and A. odontolyticus ATCC 17929 was isolated from 
deep carious lesions around teeth. Actinomyces strains were grown on trypticase soy 
agar plates (TSA, Becton Dickinson and Co, Cockeysville, lVID). These plates were 
incubated at 37°C for 48 (A. viscosus) or 72 hours (A. naeslundii and A. odontolyticus) 
and stored at 4°C. For the assays conducted, bacteria were inoculated in Todd Hewitt 
broth (THB, Difeo Lab., Detroi~ MI). Microorganisms were grown aerobically for 16 
h at 37°C to stationary phase with continuous agitation on a minishaker 
(IKALabortechnik, Staufen I. Br., Germany). A. odontolyticus was grown into 5% CO2 
because it was growing slowly under aerobic conditions. 
Periodontal pathogenic bacteria 
The six species used in this investigation are typical key pathogenic organisms 
associated with destructive periodontal diseases. All strains were kindly provided by 
Dr. Zambon and Dr. Genco (Dept. of Oral Biology and Periodontology, State . 
University of New York, School of Dental Medicine, Bufallo, NY). P. gingivalis 
strains included P. gingivalis A7Al-28, P. gingivalis 381, and P. gingivalis ATCC 
44830. B.forsythus ATCC 43037, B.forsythus CU 4067 M7, and B.forsythus 719.11 
were the three representatives from the B. forsythus species that were utilized. A. 
actinomycetemcomitans 781, P. intermedia 68-9K-3, F. nucleatum CU4022, P. micros 
ATCC 33270 were the other periodontal strains used. All species were cultured in 
specially prepared media. A. actinomycetemcomitans 781 was grown in enriched 
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trypticase soy broth (TSB, Becton Dickinson and Co, Cockeysville, MD) and on 
enriched TSA plates. The rest of the periodontal pathogens except for Bacteroides 
f orsythus strains were grown on enriched brain heart infusion agar plates (BIDA, Difeo 
Lab., Detroit,~) and in enriched THB broth. Broths and agar media (475 ml) were 
enriched with the addition of 25 ml of a preparation containing 0.2 g N3-iCO3, 
anhydrous, 0.2 g L-Cysteine hydrochloride, 5 mg hemin, and 25 ug Vitamin K. These 
factors are necessary for optimal growth of the subgingival species. Special care was 
taken for the media of B.forsythus due to the fastidious growth and specific nutritional 
requirements of this species. The base for the special B. forsythus broth (BFB) was 
THB and for the special B. forsythus agar (BFA) the Columbia blood agar (CBA, 
Difeo Lab., Detroit, MI). Both media ( 425 ml) were enriched with the addition of 25 
ml N-acetylmuramic acid solution (1 mg/ml), 25 ml fetal calf serum, and 25 ml of the 
aforementioned enriched preparation. Trypticase soy anaerobic sheep blood agar plates 
(TSABA, Becton Dickinson and Co, Cockeysville, MD) and brain heart infusion 
anaerobic sheep blood agar plates, (BHIBA, Becton Dickinson and Co, Cockeysville, 
MD) were also utilized for growth. All plates were incubated at 37°C for 48 to 72 
hours in an anaerobic incubator under strictly anaerobic conditions. For the assays 
conducted, bacteria were inoculated in the appropriate for each species broth and · 
grown anaerobically for 24 to 48 h at 37°C to stationary phase with continuous 
agitation on a minishaker. 
Streptococcus rattus 
S. rattus BHT, a serotype b strain, was kindly provided by the Forsyth Dental 
Center (Boston, MA). The microorganism was grown on BHIA plates. For the assays 
conducted cells were inoculated in THB and grown aerobically for 16 h at 37°C. 
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SALIVARY PROTEINS 
Isolation of salivary proteins 
Stimulated human parotid saliva was collected from healthy subjects with the 
aid of a Carlson-Crittendon device, as modified by Curby (1953). Secretion was 
stimulated with sour lemon-candies (Regal Crown, Trebor Ltd., London, England) and 
the saliva samples from different donors were collected in polyethylene graduated 
cylinders chilled over ice. These cylinders were used to avoid exposure of salivary 
peptides to polar surfaces and therefore preventing denaturation or adsorption. The first 
few millimeters were rejected to avoid contamination with debris. The samples were 
pooled together, dialyzed in Spectropor-6 membrane against distilled water at 4°C and 
lyophilized as described previously (Oppenheim et al. 1971). The purification of 
histatins was performed as described previously (Oppenheim et al. 1988). Briefly, an 
amount of 1 gr (dry weight) from the total protein lyophilized preparations was taken 
up in 50 ml of 0.05 M ammonium formate (Ph 4.0) and chromatographed on a Bio-
Gel P-2 column (Bio-Rad Lab., Richmond, CA) equilibrated with the same buffer. 
Fractions containing histatins were lyophilized, taken up in 2% acetic acid and 
subjected to reversed-phase high-performance liquid chromatography (RP-HPLC) on . 
a TSK-ODS (120T) C18 column (Pharmacia-LKB) developed with an acetonitrile 
gradient. Separated fractions containing various histatins were evaporated to dryness, 
taken up to 2% acetic acid and subjected to RP-HPLC again, under isocratic gradient 
conditions, specific for each protein. Purified proteins were subjected to amino acid 
analysis for analysis of the quality of purification, lyophilized and stored at -200C. 
PRP I and PRP III were purified from the same total salivary protein 
lyophilized preparations as described previously (Oppenheim et al. 1971). Briefly, the 
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procedure was consisted of gel filtration chromatography on a Sephadex G-75 column, 
an ion exchange run on a DEAE-Sephadex A-25 colum.Ii and a final run on the same 
column with a shallower gradient. Purified PRPs were finally lyophilized and stored 
at -20°C until used. 
Statherin was also purified from the same lyophilized total salivary protein 
preparations as described previously (Jensen et al. 1991). Briefly the process included 
gel filtration chromatography on a Sephadex G-50 column and a RP-HPLC run on a 
TSK-ODS (120T) column. Purified proteins were lyophilized and stored. 
Synthetic proteins and peptides 
Eight different synthetic proteins and peptides were utilized for the experiments. 
Two of them had the amino acid sequence of native histatins 5 and 9~ and the rest 
were fragments of histatins (Table 1 ). Different sequences were utilized in order to 
establish possible active portions of the native peptides. The peptides were custom 
. synthesized by Boston Bioscience, Inc. (Boston, MA) using the solid-phase synthesis 
method. All peptides were purified by RP-HPLC. The quality and quantity of the 
peptides were analyzed by amino acid analysis and Mass Spectrometric analysis. In 
addition, two more peptides were synthesized: SPN-H3, representing the amino- . 
terminal (residues 1-11) and SPC-H3, representing the carboxyl-terminal (residues 23-
32) of histatin 3 . 
. Identification of histatin 5 pellicle 
Samples of 50 mg hydroxyapatite (HA) beads (BDH Biochemicals, Ltd., 
Poole, England) were placed in 1.5 ml polypropylene microcentrifuge tubes (BioRad, 
Richmond, CA), washed and equilibrated in buffer as described in the adherence 
Table 1. Aminoacid sequence of the synthesized peptides utilized in the antimicrobial bioassays 
1 5 10 15 20 25 
Histatin 5 Asp-Ser-His-Ala-Lys-Arg-His-His-Gly-Tyr-Lys-Arg-Lys-Phe-His-Glu-Lys-His-His-Ser-His-Arg-Gly-Tyr 
Histatin 9 Arg-Lys-Phe-His-Glu-Lys-His-His-Ser-His-Arg-Gly-Tyr-Arg 
Peptide 1 Lys-Arg-His-His-Gly-Tyr-Lys-Arg-Lys-Phe-His-Glu-Lys-His-His-Ser-His-Arg-Gly-Tyr-Arg 
Peptide 2 Gly-Tyr-Lys-Arg-Lys-Phe-His-Glu-Lys-His-His-Ser-His-Arg-Gly-Tyr-Arg 
Peptide 3 Lys-Arg-His-His-Gly-Tyr-Lys-Arg-Lys-Phe-His-Glu-Lys-His-His-Ser-His-Arg 
Peptide 4 Gly-Tyr-Lys-Arg-Lys-Phe-His-Glu-Lys-His-His-Ser-His-Arg 
Peptide 5 Lys-Arg-His-His-Gly-Tyr-Lys-Arg-Lys-Phe-His-Glu-Lys-His-His 
Peptide 6 Asp-Ser-His-Ala-Lys-Arg-His-His-Gly-Tyr-Lys-Arg-Lys-Phe 
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assay. The beads were exposed to 1.3 ml histatin 5 dilution (100 ug/ml), using the 
same ratio. After one-hour incubation the supernatant was removed and the beads were 
washed thoroughly with buffer. Both the washing liquids and supernatant were pooled 
together and applied to RP-HPLC on a TSK-ODS (120T) C18 column. The histatin 5-
covered HA beads were transferred to bigger tubes and treated with 5 ml 0.2 M 
EDTA, pH 7.5 for 15 hours. Under these experimental conditions, the HA beads were 
complete!)( dissolved. The pH of the HA-EDT A sample was adjusted to less than 6.0 
with 5% trifluoroacetic acid water solution. The sample was then subjected to RP-
HPLC. 
BUFFERS AND GROWING MEDIA 
The most commonly used buffer in the experiments presented here, was the 
0.01 M phosphate buffered saline (PBS), pH 7.4. This buffer is widely used for most 
microbiologic assays by many investigators. To prepare this buffer 0.2 g of K2HPO4, 
1.15 g NaiHPO 4, 8 g NaCl, and 0.2 g KCl were dissolved in 1 lt of deionized water. 
The final pH needs no adjustment and is within the range of 7 .2-7.4. For the A. 
naeslundii agglutination assay, PBS was supplemented with CaC12 (0.5 mM) because 
Ca- ions are necessary for the agglutination. For the A. viscosus adherence assay, 
buffered KCl, pH 6.0 was utilized. This buffer is basically a 0.05 M solution of KCl, 
supplemented with 1 mM KH2P0 4, 1 mM CaC12, and 0.1 mM MgC12• 
The enriched growing media for various periodontal pathogens have been already 
discussed in the II strains and cultural conditions II section. Practical instructions for 
preparation of these enriched growing media are given analytically in the next pages. 
Enriched Trypticase Soy Broth 
500 ml 
Trypticase soy broth 
Yeast extract 
Dextrose (glucose) 
Distilled water 
15 g 
0.5 g 
0.5 g 
475 ml 
Autoclave for 15 min on slow exhaust . 
Add aseptically : 
500 ml 
Enriched supplement 25 ml 
Enriched Trypticase Soy Agar 
500 ml 
Trypticase soy broth 
Yeast extract 
Dextrose (glucose) 
Agar 
Distilled water 
15 g 
0.5 g 
0.5 g 
7.5 g 
475 ml 
Autoclave for 15 min on slow exhaust. 
Add aseptically : 
500 ml 
Enriched supplement 25 ml 
Enriched supplement 
25 ml 
Sodium Carbonate, anh. 0.2 g 
L-Cysteine Hydrocloride 0.2 g 
Hemin 4.75 mg 
BBL Vitamin Kl supplem 0.5 ml 
Distilled water 24.5 ml 
1000 ml 
30 g 
1 g 
1 g 
950 ml 
1000 ml 
50 ml 
1000 ml 
30 g 
1 g 
1 g 
15 g 
950 ml 
1000 ml 
50 ml 
50 ml 
0.4 g 
0.4 g 
9.5 mg 
1 ml 
49 ml 
Enriched Tood Hewitt Broth 
Todd Hewitt Broth 
Yeast extract 
Dextrose (glucose) 
Distilled water 
500 ml 
15 g 
0.5 g 
0.5 g 
475 ml 
Autoclave for 15 min on slow exhaust. 
Add aseptically: 
500 ml 
Enriched supplement 25 ml 
1000 ml 
30 g 
1 g 
1 g 
950 ml 
1000 ml 
50 ml 
Enriched Brain Heart Infusion Agar 
Brain Heart Infusion Agar 
Yeast extract 
Dextrose (glucose) 
Distilled water 
500 ml 
26 g 
0.5 g 
0.5 g 
475 ml 
Autoclave for 15 min on slow exhaust. 
Add aseptically: 
500 ml 
Enriched supplement 25 ml 
Enriched supplement 
25 ml 
Sodium Carbonate, anh. 0.2 g 
L-Cysteine Hydrocloride 0.2 g 
Hemin 4.75 mg 
BBL Vitamin K 1 supplem 0.5 ml 
Distilled water 24 .5 ml 
1000 ml 
52 g 
1 g 
1 g 
950 ml 
1000 ml 
50 ml 
50 ml 
0.4 g 
0.4 g 
9.5 mg 
1 ml 
49 ml 
Bacteroides forsythus growing media 
Broth 
100 ml 500 ml 
Todd Hewitt Broth 3g 15 g 
Distilled water 85 ml 425 ml 
Autoclave for 15 min on slow exhaust. 
Add aseptically: 
-100 ml 500 ml 
MurNac acid solution 5 ml 25 ml 
Enriched supplement 5 ml 25 ml 
Fetal calf serum 5 ml 25 ml 
Agar 
500 ml 1000ml 
Columbia blood agar 22g 44 g 
Distilled water 425 ml 850 ml 
Autoclave for 15 min on slow exhaust. 
Add aseptically: 
500 ml 1000 ml 
MurNac acid solution 25 ml 50 ml 
Enriched supplement 25 ml 50 ml 
Fetal calf serum 25 ml 50 ml 
MurN ac acid solution 
N-Acetylmuramic acid 5 mg 25 mg 
Distilled water 5 ml 25 ml 
Enriched su1:mlement 
25 ml 50 ml 
Sodium Carbonate, anh 0.2 g 0.4 g 
L-Cysteine Hydrocloride 0.2 g 0.4 g 
Hemin 4.75 mg 9.5 mg 
BBL Vitamin K 1 supplement 0.5 ml 1 ml 
Distilled water 24.5 ml 49 ml 
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BACTERICIDAL ASSAYS 
Buffer microdilution bactericidal assay for Actinomyces species 
A typical buffer microdilution assay was utilized to investigate the bactericidal 
activity of histatin 5 against three Actinomyces species. Cells from an overnight, 
intermediate, stationary-phase culture were inoculating in fresh broth. The subcultures 
were incubated in a shaking water-bath (Fisher Scientific, Pittsburgh, PA) at 37°C till 
reaching an optical density (0.D.) of 0.2 at 560 nm which corresponds to the early log 
phase and harvested by centrifugation at 2,000 r.p.m. for 5 min. The pellet was washed 
twice in 10 ml 0.01 M PBS, pH 7.4. Finally the concentration of the microorganisms was 
1.6-3.8 x 107 cells/ml as determined by hemacytometer counting. Histatin 5 was diluted 
in the same buffer at various two-fold concentrations. Hundred-ul aliquots of the bacterial -
suspension were poured to each well of a flat-bottom 96-well microplate (Costar, 
Cambridge, MA). Equal volumes of histatin 5 dilutions were added in each well and the 
•· microplate was incuba~ed on a mini-shaker at 37°C for 1 hour. The highest final histatin 
5 concentration utilized was 125 ug/ml and the lowest 1.9 ug/ml. Controls were made by 
mixing 100 ul from the cell suspension with an equal volume of the suspension buffer, 
without the test protein. After the incubation, 100 ul were taken from each well and 
transferred into test tubes containing 900 ml of PBS. Three additional 10-fold dilutions 
were made with the same buffer. Hundred-ul aliquots from the last two dilutions (1,000 
and 10,000 times diluted) were spread in duplicate on TSA plates. The plates were 
incubated at 37°C, anaerobically, for 48 hours (A. viscosus) or 72 hours (A. naeslundii and 
A. odontolyticus) to ensure full colony development. The experiments were conducted 
twice every time. Total number of colonies in each plate were counted. The biological 
activity was calculated according to the formula: 
[ 1 - (colonies in treated sample)/ (colonies in control)] x 100. 
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Each colony was considered to arise from one alive microorganism and was counted as 
so. Dead microorganisms were unable to multiply and form colonies under the same 
experimental conditions. 
Buffer microdilution bactericidal assay for periodontal pathogens 
A typical buffer microdilution assay was utilized to investigate the bactericidal 
activity of several synthesized peptides including histatin 5, histatin 9, and several 
fragments of histatins. Various media were utilized for growth of the periodontal 
pathogens (see strains and cultural conditions) . Microorganisms were grown in appropriate 
broths till reaching the late log phase and were then suspended to the same broths to an 
O.D. 0.2 at 560 run. Microorganisms were harvested by centrifugation at 2,000 r.p.m. for 
15 min. The pellet was washed twice in 10 ml 0.01 M PBS, pH 7.4. The peptides were -
diluted in PBS at various two-fold diluted concentrations. Fifty-ul aliquots of bacterial 
suspension were poured into wells of a flat-bottom 96-well microplate. Equal volumes of 
the peptide dilutions ~ere added in each well and the microplate was incubated on a 
mini-shaker at 37°C, under strictly anaerobic conditions, for 3 hours. Routinely, both 
1,000 and 500 nmole/ml final peptide concentrations were utilized. Controls were made 
by mixing 50 ul of cell suspension with an equal volume of the suspension buffer, 
without the test peptides. After the incubation, bacterial suspensions were diluted in PBS 
in various dilutions (1:1,000, 1:5,000, and 1:10,000). Sixty-ul aliquots from the 
appropriate dilutions were spread in duplicate on 6-well cell culture plates (Costar, Cam-
bridge, MA) layered with appropriate for each strain agar and incubated at 37°C, strictly 
anaerobically, for 24 to 48 hours to ensure full colony development. Utilization of the 6-
well cell culture plates instead of Petri-dishes was necessary due to the big number of 
bacterial species and peptides to be tested. Pilot experiments comparing the two agar-
containing plates revealed no differences between the two methods. The experiments were 
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conducted twice every time. Total number of colonies in each plate were counted. The 
biological activity was calculated according to the formula: 
(1- (colonies in treated sample)/(colonies in control)] x 100 
Broth microdilution bactericidal assay 
A modification of the typical microdilution assay (Rotilie et al, 197 5) for the 
detennination of minimal inhibitory concentration (MIC) of antimicrobial agents was uti-
lized to investigate the bactericidal activity of the peptides. Briefly, a standardized 
bacterial inoculum is exposed to serially diluted antimicrobial agents in an enriched broth 
medium suitable for the growth of anaerobic bacteria. The test has been adapted for use 
in the 96-well microplates. Results with the microdilution method have been shown to be 
comparable to other techniques for antimicrobial susceptibility such as the dilution -
method, the agar dilution method, and the broth-disk elution method (Rosenblatt et al, 
1979). In the typical assay, the microplate is observed after incubation (for 18-24 hours) 
for visible growth indicated by diffuse turbidity, a single large dot, or a filamentous 
network. The modification introduced here was based on the spectrophotometric reading 
of the microplate after the incubation. This approach, not only was more reliable and 
reproducible since it was performed by the spectrophotometer rather than the human eye 
(therefore overcoming the subjectiveness involved), but also allowed the determination 
of growth inhibition in concentrations lower than the MIC. 
P. gingivalis A7Al-28 cells from late log phase cultures were suspended in THB 
broth to an O.D. of 0.4 at 560 nm. The peptides were diluted in 0.01 M PBS, pH 7.4. 
Fifty-ul aliquots of peptide dilutions were added in each well of a flat-bottom 96-well 
microplate. Twenty five ul of bacterial inoculum was added into all the wells. Finally, 125 
ul of the suitable broth were added in each well. The microplate was read on a 
microspectrophotometer (Molecular Devices V max microplate reader) at 550 nm and incu-
.. 
56 
bated under strictly anaerobic conditions, for 24 hours. Controls were made by mixing 25 
ul of the cell suspension, 125 of broth and 50 ul of PBS, without the test peptides. The 
highest final peptide concentration tested was 2,000 nmole/ml. After the incubation the 
mixtures in each well were mixed manually to resuspend sedimented bacteria and the 
plate was read again. The experiments were conducted twice every time. The biologic 
activity was calculated according to the formula: 
100-[[(Fin ODexp-In ODexp)/(Fin ODctr-In ODctr)] x 100] 
This bactericidal approach was restricted to only one microorganism due to the very high 
amount of peptides required. 
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OTHER ANTIMICROBIAL PROPERTIES OF HISTATINS 
Glycolysis inhibition assay 
For the glycolytic assay S. rattus BHT cells were incubated in THB for 24 h at 
37°C and harvested by centrifugation at 2,000 r.p.m. for 5 min. The pellet was washed 
twice in 10 ml 0.01 M PBS, pH 7.4. Finally the microorganisms were suspended at the 
same buffer giving an OD 2.2 at 660 nm (7xl0 10 cells/ml). The assay was carried out at 
37°C in a flat-bottom 96-well micro-plate. Hundred-ul aliquots of the bacterial suspension 
(two-fold sequentially diluted) were mixed with 50 ul of the suspension buffer. After five 
minutes for temperature equilibration, 50 ul of glucose in distilled water was added so as 
to yield various final glucose concentrations. The pH was then read at 10 min intervals 
with a microelectrode (MI-410, Microelectrodes, Inc. NH). For the inhibition assay, the -
optimal bacterial and glucose concentrations with the lowest drop of pH in the glycolytic 
assay were utilized. Histatins 1, 3, and 5 were dissolved in PBS at various concentrations. 
Experimental conditions were identical to the glycolytic assay with the difference that 
the 100 ul aliquots of bacterial suspensions were mixed with 50 ul of histatin dilutions. 
Controls were made by a combination of 100 ul of bacterial suspension with 50 ul of the 
suspension buffer (without the histatins). After the last pH reading, 50 ul samples were 
taken from each well and transferred into test tubes for sequential dilution. One-hundred-
ul aliquots of the appropriate bacterial dilution were spread on BHIA plates. Plates were 
incubated anaerobically at 37°C for 24 h to allow full growth before counting for viability 
assessments. The total number of colonies in each plate was counted. The plating was 
performed to investigate any correlation between the effect of histatins on glycolysis and 
their reported bactericidal activity against S. rattus BHT. 
Interactions of histatins with Actinomyces species adhesins 
Adherence assay 
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The assay used was based on the method described by Clark et al. (1978) and 
modified by Gibbons and Etherden (1989) with a few modifications; basically it appraises 
the ability of bacteria to attach to pellicle-coated, porous spheroidal hydroxyapatite beads 
utilizing turbidimetric monitoring (Ellen and Sivendra, 1985). Results obtained suggest 
that the reliability and reproducibility of the turbidimetric approach is similar to those 
obtained with radioisotopically labeled bacteria. The beads used had a diameter of 85-125 
um and an approximate surface area of 0.27 cm2/mg. The buffer used was buffered KCl, 
pH 6.0 and if not otherwise mentioned, all the procedures were conducted at room 
temperature. Salivary protein concentrations used to treat HA beads were based on dry 
weights of lyophilized preparations. Whole, parafilm-stimulated saliva was collected from -
a single male donor (blood type 0) in plastic tubes chilled over ice and · clarified by 
centrifugation at 10,000 X g for 15 minutes at 4°C. It was then heated to 60°C for 30 
minutes to inactivate degradative enzymes and recentrifuged. Stationary phase A. viscosus 
LY7 cells were harvested by centrifugation at 2,000 r.p.m. for 10 min and washed twice 
in the buffered KCL Finally the concentration of the microorganisms was adjusted to an 
O.D. of 0.6 at 550 nm which corresponds to a concentration of approximately 5 x 108 
cells/ml (direct microscopic counts of organisms using a hemacytometer). Amounts of 5 · 
mg HA beads were placed in a flat-bottom, 96-well microplate, washed three times to 
remove fine particles, and equilibrated in 130 ul buff er by continuous end over end 
rotation at 9 r.p.m. for 1 hour. The buffer was removed and experimental pellicles were 
prepared by exposing the beads to 130 ul clarified saliva or suspensions of histatin 1, 
histatin 5, and PRP I, for 1 hour under continuous rotation. The beads were washed three 
times to remove the unabsorbed saliva or saliva fractions and treated with 130 ul of 5 
mg/ml suspension of bovine albumin in buffer. After 30 minutes rotation to block naked 
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regions of the HA (Gibbons and Etherden 1985) the beads were washed three times to 
remove unabsorbed albumin . . Pellicle-covered beads were incubated with 130 ul of the 
bacterial suspension c?ntaining 5 mg/ml bovine albumin for 1 hour. Preliminary 
experimentation (Clark et al. 1978) revealed that binding of A. viscosus reached an 
equilibrium after 30 min and that was similar for the experiments conducted at room 
temperature and at 37°C. Controls were bacterial suspensions incubated without HA beads 
and bacterial suspensions incubated with albumin-coated HA beads. They were both used 
to correct the values observed for cells that were adsorbed on the walls of the wells and 
for non-specific binding on albumin-coated regions of HA beads. The supematants 
contained unabsorbed bacteria were removed and the optical density of 100 ul samples 
was monitored by a microplate-reader (Molecular Devices Co.) at 405 nm. The degree 
of adherence was calculated according to the formula: 
[ 1 - (O.D. in treated sample) / (O.D. in control)] x 100 
PRP I-coated HA beads was used as a positive control. The ability of histatin 5 to 
interfere in the bacterial adsorption on PRP I-covered HA beads was also examined. In 
these experiments using the same protocol, histatin 5 was diluted in the bacterial 
suspension added to the PRP I-covered HA beads. 
Agglutination assay 
Saliva-induced bacterial aggregation was monitored spectrophotometrically 
utilizing the method described by Courtney and Hasty (1991). The buffer used was 10 
mM PBS supplemented with 0.5 mM CaC12• Whole unstimulated saliva from the same 
donor was collected in ice-chilled tubes, agitated for 30 sec to reduce viscosity and 
clarified by centrifugation at 4,000 x g for 15 min at 4oC. Stationary phase A. naeslundii 
ATCC 12104 cells from overnight cultures were haryested by centrifugation and washed 
three times as described in the previous experiments. Finally microorganisms were 
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suspended in the buffer so that the final optical density of the control mixtures at the 
beginning of the experiment was 0.6 at 560 nm. The aggregation mixtures were consisted 
of 400 ul two-fold serially diluted saliva, 50 ul bacterial suspension and 50 ul buffer. In 
controls, saliva was replaced with buffer. The mixtures were incubated in 1.5 ml 
polypropylene micro-centrifuged tubes for 30 min at room temperature on a mini-shaker. 
The mixtures were centrifuged at 500 r.p.m. for 5 min and 200 ul samples from the 
supernatants were poured in the wells of a flat-bottom microplate. The optical density of 
the samples was measured at 405 nm with a microplate-reader. The percentage of 
agglutination was calculated from the decrease in absorbance compared to control values, 
according to the formula: 
(1 - (O.D. in treated sample) / (O.D. in control)] x 100 
The assays were conducted in duplicate, at least twice. Histatin 5-induced agglutination -
was investigated by mixing 160 ul of bacterial suspension and 80 u1 two-fold protein 
dilutions in buffer, using the same protocol. To investigate the effect of histatin 5 on 
l 
saliva-induced agglutination, various two-fold diluted protein concentrations were 
prepared. Two different experiments were utilized. In the first experiment, 50 ul of the 
bacterial suspension were preincubated with 50 ul of the protein dilutions for 30 min at 
room temperature and 1: 16 saliva diluted in buff er was added. The protocol was the same 
afterwards . . Experiments with direct exposure of bacterial suspensions to histatin 5 were · 
conducted also. In these experiments the aggregation mixtures were consisted of 400 ul 
1:16 saliva diluted in buffer, 50 ul of the bacterial suspension and 50 ul of protein 
dilution. Each of the assays was repeated three times. 
The bacterial agglutination was monitored macroscopically as well, in U-bottom 
96-well microplates (Costar, Cambridge, MA). Unstimulated whole saliva was collect¢ 
and clarified as described in the spectrophotometric approach of this. assay. Stationary-
phase A. naeslundii ATCC i2104 cells were harvested by centrifugation, washed twice 
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and suspended in buffer to an O.D. of 1.5 at 700 nm, corresponding to a concentration 
of l.25x1010 bacteria/ml as determined by phase-contrast microscopy (Coop et al. 1989). 
After preincubation at 37oC for 10 _min, 80 ul of two-fold diluted saliva (or buffer for 
control) and 160 ul of bacterial suspension were mixed in a U-bottom microplate. The 
microplate was shaken for 1 min on a mini-shaker aJ?.d incubated overnight at room 
temperature. Agglutination titer was considered the highest saliva dilution giving visible 
agglutination. The microplates were photographed and afterwards agitated on a mini-
shaker. Samples from each well were observed under an inverted microscope (Nikon, 
Japan) at 400x magnification for aggregates. 
Hemagglutination inhibition assay 
A classic assay was utilized to determine the hemagglutination potential of B. -
forsythus strains. Microorganisms were inoculated into BFB broth and cultured overnight, 
for approximately 24 hours at 37oC under strictly anaerobic conditions. The bacteria were 
harvested by centrifugation at 3,000 r.p.m. for 20 min, at 4oC, was~ed twice in 0.01 M 
phosphate buffered saline (PBS), pH 7.4, and suspended in the same buffer to an optical 
density of 1.0 at 550 nm. Erythrocytes were obtained from a young male with O-type 
blood, since no difference in hemagglutination was observed in our preliminary 
experiments with different ABO blood groups. One ml of blood was drawn every time, · 
washed twice in PBS at 1,000 r.p.m. for 10 min, at 4oC and suspended in the same buffer 
at a 2% (v/v) final concentration. Fifty ul of the bacterial suspension were serially diluted 
in PBS (two-fold steps) in a 96-well U-bottom microplate. Fifty ul of the erythrocyte 
suspension were added to each well. Controls consisted of 50 ul of the erythrocyte 
suspension with 50 ul of PBS (without bacteria). The microplate was slightly shaken and 
incubated at room temperature for 2 hours. Visible examination on a white background 
determined hemagglutination rated as: none (-), weak ( +/-), or strong ( + ). Erythrocytes 
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in control wells precipitated to the center of the well whereas erythrocyte-bacteria ag-
gregates precipitated at the periphery · of the bottom. The hemagglutination titer was ex-
pressed as the reciprocal of the highest dilution of the bacterial suspension providing 
visible hemagglutination. For the hemagglutination inhibition assay, erythrocyte and 
bacterial suspensions were prepared in the same way with the hemagglutination assay. 
Synthesized histatin 5 and 9, various histatins fragments, PRP I and III, statherin, albumin 
and small peptides were utilized. Fifty ul of peptide solutions were diluted in PBS in a 
U-bottom microplate, at various two-fold concentrations. The bacterial concentration 
utilized in all assays was normally twice · the titer concentration. Four times the titer 
concentration of B. forsythus A TCC 43037 was also utilized in order to explore the effect 
of bacterial concentration on the inhibitory potential of the peptides. Equal volumes of 
the bacterial suspension were poured into the wells containing the peptide dilutions. Fi-
nally, 50 ul of erythrocyte suspension were added in each well. The microplate was 
slightly shaken and incubated at room temperature for 2 hours. Controls consisted of 50 
ul of the erythrocyte suspension, 50 ul of the bacterial suspension, and 50 ul of PBS 
( without peptides). The experiments were conducted at least twice. The lowest peptide 
concentration without hemagglutihation was determined upon visual examination. The 
highest final peptide concentration utilized was 100 nmole/ml. 
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RESULTS 
BACTERICIDAL ASSAYS 
Buffer microdilution bactericidal assay for Actinomyces species 
Histatin 5 was active for all the strains tested, but A . viscosus was found to be 
more susceptible than A. naeslundii and A. odontolyticus for concentrations between 
15.6-3.9 ug/ml (Figure 3). Linear regression analysis showed significant positive linear 
relationship between histatin 5 concentration and bactericidal percentage . The correla-
tion coefficients were 0.759 (p=.0001) for A. viscosus, 0.628 (p=.0001) for A. 
naeslundii, and 0.635 (p=.0003) for A. odontolyticus . The antimicrobial activity of 
histatin 5 was profound at low concentrations ( <60 ug/ml) and nearly 100% killing 
was monitored at concentrations as low as 31.2 ug/ml. Even at 2 ug/ml concentration 
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Figure 3. Dose response of Actinomyces species to histatin 5 in the buffer microdilution assay. A. 
viscosus LY7 (hatced bar), A . naeslundii ATCC 12104 (dotted bar), A . odontolyticus ATCC 17929 
(dense hatched bar), SD (error bar). 
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20% killing was observed. The LD50 (50% lethal dose) values were 1.07 (0.77-1.37) 
ug/ml for A. viscosus, 0.42 (0.15-0.69) ug/ml for A. naeslundii, and 0.43 (0.29-0.57) 
ug/ml for A. odontolyticus with values in parentheses indicating 95% confidence 
intervals. Even though histatin 5 was twice effective on A. naeslundii and A. 
odontolyticus at low concentrations, LD50 were <1.1-ug/ml for all strains tested. 
Buff er microdilution assay for periodontal pathogens 
The most pronounced feature of the results obtained from the buffer 
microdilution assay for periodontopathic bacteria is the wide variability of their 
response to various peptides utilized. Even though the differences are so prominent to 
the extent that it is almost impossible to draw conclusive remarks on the bacterial 
susceptibility to histatin and histatins fragments, an analytical approach will be utilized 
to present the available data. Native histatin 5 (500 nmole/ml) was utilized as a 
po~itive control for the synthetic peptides tested. 
P. gingivalis and in particular the strains P. gingivalis ATCC 44830 (Figure 4) 
and P. gingivalis A7 Al-28 (Figure 5) were the most susceptible of the periodontal 
bacteria tested. At 1000 nmole/ml concentration, which was routinely the highest 
peptide concentration tested, at least 50% bactericidal activity was observed for both 
strains for all the peptides tested. The bactericidal activity observed was as high as 
90% for some peptides, the highest among all the tested bacteria, except for P. 
intermedia 68-9K-3 which was_ also susceptible to such an extent to some peptides. 
The peptide with the highest bactericidal activity for both strains was Peptide 5, while 
Peptide 3 was also a potent inhibitor for P. gingivalis ATCC 44830, and Peptides 1 
and 2 were also strong inhibitors for P . gingivalis A7Al-28. From the whole 
molecules, both histatins 9 and 5 were more active against P. gingivalis A1 Al-28 
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Figure 4. Bactericidal profiles of histatins 5 and 9, and histatin fragments on P. gingivalis ATCC 44830 
in the buffer microdilution assay. Peptide concentrations: 1,000 nmole/ml (hatced bar), 500 nmmole/ml 
(dense hatched bar), SD (error bar). ND: Not determined. 
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Figure 5. Bactericidal profiles of histatins 5 and 9, and histatin fragments on P. gingivalis A7 Al-28 in 
the buffer microdilution assay. Peptide concentrations: 1,000 nmole/ml (hatced bar), 500 nmmole/ml 
(dense hatched bar), SD (error bar). ND: Not determined. 
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when compared to P. gingivalis ATCC 44830. 
P. gingivalis 381 was more resistant, exhibiting a flat susceptibility profile 
(Figure 6). An almost stable 50% bactericidal activity was observed for all peptides 
and for both concentrations tested, except for histatin 5 which exhibited only minimal 
potential against this strain. Apparendy, in many instances there is no distinct 
difference in the bactericidal effect for the two peptide concentrations tested. Even 
though intermediate concentrations were not tested, in general there is no harmonious 
analogy between the two concentrations and their bactericidal potential. 
A. actinomycetemcomitans 781 exhibited also a diverse susceptibility profile 
(Figure 7). Relatively susceptible to Peptides 1, 2, and 3 (50-70% killing), this 
bacterium exhibited high resistance against Peptides 4 and 5, and histatin 9 (10-30% 
killing). 
P. intermedia 68-9K-3 was in general susceptible for most of the peptides at 
le3:st at the 1000 nmole/ml concentration (Figure 8). This strain was maybe the only 
one among the tested microorganisms where a relative correlation was observed 
between the concentration and the killing potential, even though some of the peptides 
were not active at the lower concentration tested. Peptides 1, 2, and 3 exhibited strong 
bactericidal potency reaching values as high as 90% killing. These were the highest . 
results observed between all strains along with the two P. gingivalis strains, as 
mentioned earlier. This strain was relatively resistant to 500 nmole/ml native histatin 
5. 
The rest of the strains were comparatively resistant to the tested peptides. F. 
nuc/ ea tum CU 4022 (Figure 9) was only moderately susceptible to Peptides 3 and 4 
at 1000 nmole/ml (50% killing activity). This strain was completely resistant to 
Peptides 1, 2, and 5 even at the highest concentrations tested, and exhibited only 
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Figure 6. Bactericidal profiles of histatins 5 and 9, and histatin fragments on P. gingivalis 381 in the 
buffer microdilution assay. Peptide concentrations: 1,000 nmole/ml (hatced bar), 500 nm.mole/ml (dense 
hatched bar), SD (error bar). ND: Not determined. 
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Figure 7. Bactericidal profiles of histatins 5 and 9, and histatin fragments on A. actinomycetemcomitans 
781 in the buffer microdilution assay. Peptide concentrations: 1,000 nmole/ml (hatced bar), 500 
nm.mole/ml (dense hatched bar), SD (error bar). ND: Not determined. 
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Figure 8. Bactericidal profiles of histatins 5 and 9, and histatin fragments on P. intennedia 68-9K-3 in 
the buffer microdilution assay. Peptide concentrations : 1,000 nmole/ml (hatced bar) , 500 nmmole/ml 
(dense hatched bar), SD (error bar) . ND: Not determined. 
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Figure 9. Bactericidal profiles of histatins 5 and 9, and histatin fragments on F. nucleatum CU 4022 in 
the buffer microdilution assay. Peptide concentrations: 1,000 nmole/ml (hatced bar), 500 nmmole/ml 
(dense hatched bar) , SD (error bar) . ND : Not determined. 
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Figure 10. Bactericidal profiles of histatins 5 and 9, and histatin fragments on P. micros ATCC 33270 in 
the buffer microdilution assay. Peptide concentrations: 1,000 nmole/ml (hatced bar), 500 nmmole/ml 
(dense hatched bar), SD (error bar). ND: Not determined. 
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Figure 11. Bactericidal profiles of histatins 5 and ~, and histatin fragments on B. forsythus 719. 11 in the 
buffer microdilution assay. Peptide concentrations: 1,000 nmole/ml (hatced bar), 500 nmmole/ml (dense 
hatched bar), SD (error bar). ND: Not determined. 
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minor susceptibility to histatins 9 and 5 (20-30% killing). 
P. micros ATCC 33270 was the most resistant strain among the 
microorganisms tested for all the peptides (Figure 10). Completely resistant against 
Peptide 4 and histatin 9, this strain exhibited only minor susceptibility for the rest of 
the fragments tested (up to 20% killing activity). The implications of this observation 
along with the fact that this is the only gram-positive bacterium among the periodontal 
pathogens tested, will be discussed later. 
Finally, B. forsythus 719 .11 also proved to be a resistant microorganism (Figure 
11). Completely resistant to Peptides 1 and 2 and relatively resistant to Peptides 4 and 
5, and histatin 9 (10-30% killing), this strain was only moderately susceptible to 
Peptide 3 (50% killing). 
Broth microdilution assay 
Results obtained from the broth microdilution method, clearly showed the 
inhibitory activity of peptides P-1 and P-3 (Figure 12). Peptides P-4, P-5 and histatin 
9 showed no activity, whereas peptide P-2 exhibited only minimal inhibitory activity 
(20%) even at the highest final concentration tested (2,000 nmole/ml). Both peptides 
P-1 and P-3 exhibited 100% inhibition of P. gingivalis A7Al-28 growth at 2,000 . 
nmole/ml. At 1,000 nmole/ml concentration, peptide P-3 exhibited 50% inhibition 
while peptide P-1 proved to be a more potent inhibitor (55-75% inhibition). For the 
lower concentrations tested, both peptides P-1 and P-3 exhibited far less inhibitory 
effect which ranged between 10-20%. 
The inhibitory profiles of the various fragments and histatins 5 and 9 were very 
interesting, when considering the differences of the primary structure (Table 1 ). 
Addition of three amino acids at the amino-terminal of histatin 9, producing Peptide 
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Figure 12. Bactericidal profiles of histatins 5 and 9, and histatin fragments on P. gingivalis A7Al-28 in 
the broth microdilution assay. Peptide cone: 2,000 nmole/ml (hatced bar), 1,000 nmole/ml (dotted bar), 
500 nmole/ml (dense hatched bar), 250 nmole/ml (filled bar). SD (error bar). ND: Not determined. 
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Figure 13. Comparison of the buffer and broth microdilution assays for P. gingiva/is A 7 Al-28. Peptide 
concentrations: 2,000 nrnole/rnl (hatced bar), 1,000 nmole/ml (dotted bar), 500 nrnrnole/ml (dense 
hatched bar), SD (error bar). ND: Not determined. 
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2 slightly enhanced the inhibitory potential. However, addition of seven amino acids 
at the amino-terminal of histatin 9, generating Peptide 1 had a dramatic effect on the 
inhibitory potential, shifting the inhibitory percentage from almost zero (histatin 9) to 
100% at 2,000 nmole/ml and to 55% at 1,000 nmole/ml. Elimination of three amino 
acids from the carboxyl-terminal of this fragment, generating Peptide 3, had no effect 
on the inhibitory potential at 2,000 nmole/ml, but induced a slight decrease at 1,000 
nmole/ml. In preliminary experiments, synthetic histatin 5 exhibited slight inhibitory 
activity (10-15%). Both Peptides 1 and 3 lack the first four amino acids at the amino-
terminal of his ta tin 5. It seems likely that the histatin 5 fragment responsible for 
inhibitory activity is the sequence 5-22 (100% at 2,000 nmole/ml). The minimal 
activity of the whole molecule of histatin 5 observed, is probably due to 
conformational changes induced by the addition of the initial four amino acids at the 
amino-terminal. When comparing the results of the broth microdilution assay with 
those obtained from the buffer microdilution assay (Figure 13) major differences are 
obvious. The broth microdilution assay revealed great inhibitory activity for Peptides 
1 and 3, with almost no activity for the rest of the peptides. The buffer microdilution 
assay revealed bactericidal activity for all the peptides (50-80%) which however did 
not reach the complete elimination (100%) observed in the broth microdilution assay. 
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OTHER ANTIMICROBIAL PROPERTIES OF HISTATINS 
Glycolysis inhibition assay 
Synthetic fragments of histatin 3 and native histatins 3 and 5 were tested for 
their effect on S. rattus BHT glycolysis. The three histatin 3 fragments represent the 
amino-tenninal of the peptide (residues 1-11), the middle part (residues 12-25), and 
the carboxyl-terminal (residues 23-32). The middle part of histatin 3 utilized in this 
assay is identical with histatin 9. Both the amino-terminal and the carboxyl-terminal 
of histatin 3 were inactive (data not shown). Only the middle part of histatin 3, which 
is identical with histatin 9 showed activity, inhibiting the glycolysis rate (Figure 14). 
Significant inhibition was recorded after the first twenty minutes with 0.5 pH units 
difference in presence of 50 ug/ml histatin 9. The glycolysis inhibition peaked at 40 
minutes with almost 1.0 pH unit difference between the control and the sample with 
50 ug/ml and 0.8 pH units with 25 ug/ml histatin 9. There was at least 0.5 pH units 
difference for both the 50 and 25 ug/ml histatin 9 concentration between the 30 and 
50 minute-points of the assay. 
The middle part of histatin 3 not only was active, but proved to be a better 
glycolysis inhibitor when compared to the whole molecule (Figure 14). Similar results 
were reported for the antifungal activities of these fragme.I?-ts (Xu and Oppenheim 
1991). Histatin 3 exhibited also significant inhibition after the first 20 minutes giving 
similar inhibitory results with histatin 9 at 30 minutes. However, at 40 minutes the 
inhibitory profile of histatin 3 was weaker, showing 0.6 pH units difference for 50 and 
25 ug/ml peptide (Figure 17). The inhibition of glycolysis was also weaker when 
compared to histatin 9 at 50 minutes (0.3 pH units difference). Native histatin 5 was 
also a potent inhibitor of S. rattus glycolysis. Unfortunately, the experimental 
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Figure 14. Inhibitory profiles of histatin 9 on S. rattus BHT in the glycolysis assay. Peptide 
concentrations: 50 ug/ml (thin line), 25 ug/ml (dashed line), 12.5 ug/ml (interrupted line). Control (thick 
line). SD (error bar). 
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Figure 15. Inhibitory profiles of histatin 3 on S. rattus BHT in the glycolysis assay. Peptide 
concentrations: 50 ug/ml (thin line), 25 ug/ml (dashed line), 12.5 ug/ml (interrupted line). Control (thick 
line). SD (error bar). 
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· Figure 16. pH differences in the S. rattus BHT glycolysis assay between control and samples with histatin 
9. Peptide concentrations: 50 ug/ml (hatched bar), 25 ug/ml (dotted bar), 12.5 ug/ml (dense hatched bar). 
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Figure 17. pH differences in the S. rattus BHT glycolysis assay between control and samples with histatin 
3. Peptide concentrations: 50 ug/ml (hatched bar), 25 ug/ml (dotted bar), 12.5 ug/ml (dense hatched bar). 
SD (error bar). 
76 
conditions for this peptide were different with a much slower glycolysis rate and 
therefore the results are not comparable. However, native histatin 1 was not inhibitory 
for S. rattus glycolysis (data not shown). 
When the pH of the control groups reached the "critical pH" 5 .5, the pH of the 
experimental groups with 25-50 ug/ml of histatins 3 or 9, was between 6.0-6.2 
(Figures 14, 15). This "increase in pH" observed, became more pronounced as the pH 
dropped further in the controls, reaching almost one pH unit difference for histatin 9 
when the control pH was 4.8. 
A buffer microdilution bactericidal assay was performed at the end of the 
glycolysis inhibition assay, in order to investigate possible correlations between the 
inhibitory activity of histatins on B. rattus BHT glycolysis and their reported 
bactericidal potential on this strain. Toe results revealed no significant bactericidal 
activity for histatins at the concentrations of the peptides and the concentrations of the 
bacterial suspensions utilized in this assay. 
Interactions of histatins with Actinomyces species adhesins 
Adherence assay 
Results obtained suggest that the reliability and reproducibility of the . 
turbidimetric approach are comparable to results obtained with radioisotopically 
labeled bacteria. PRP I, which was used as a positive control, greatly promoted the ad-
herence of A. viscosus L Y7 cells (Figure 18) to a level comparable with saliva (42% 
adsorption), even at low concentrations (6.25 ug/ml), as expected. Histatin 5 only 
slightly promoted (5% adherence) the adsorption of A. viscosus LY7 even at high con-
centrations (100 ug/ml), and therefore is not a potent acquired enamel pellicle receptor 
for this strain. Histatin 1 which was used as a second positive control exerted higher 
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Figure 18. Comparison of adherence percentage of A. viscosus LY7 cells on HA beads coated with 
salivary proteins. Adsorption observed for saliva-coated HA was 42% and for buffer-coated HA 1 %. 
Histatin 5 (hatced bar), histatin 1 (dotted bar), PRP I (dense hatched bar), SD (error bar). 
Table 2. Effect ofhistatin 5 presence on the adherence of A. 
viscosus LY7 to PRP I (25 ug/ml) in vitro pellicles* 
Histatin 5 (ug/ml) Mean (SD) of adsorption 
in bacterial suspension 
Control 
100 
50 
25 
percentage 
37.9 (5.5) 
39.4 (0.8) 
38.1 (1.5) 
34.6 (0.4) 
*Experimental pellicles were prepared by exposing HA beads to PRP I 
solution for 1 hour 
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adhering ability when compared to histatin 5 but still moderate (15-25%) when com-
pared to PRP 1 even at high concentrations (100 ug/ml). In lower concentrations the 
differences in the adherence profiles were far more pronounced with PRP I exhibiting 
an almost stable adherence potential (35-40%) at concentrations as low as 3.12 ug/ml. 
At the same concentration both histatin 1 and 5 exhibited less than 5% adherence. Pos-
sible interference of histatin 5 with the bacterial adsorption on PRP I-coated HA beads 
was also investigated. Various concentrations of histatin 5 (up to 100 ug/ml) present 
in the bacterial suspension did not affect the adsorption of organisms on PRP I-coated 
(25 ug/ml) HA beads (Table 2). PRP I was selected because even though the interac-
. tion was as simple as possible, the adherent ability of this salivary protein is compara-
ble to that of saliva. 
Both PRP I and histatin 1 are phosphorylated proteins and they are constituents 
of the acquired enamel pellicle. However it was necessary for the validity of the 
present experiment to investigate whether histatin 5 which is not phosphorylated can 
adsorb on HA beads and form in vitro pellicle. The results of the RP-HPLC revealed 
that pure histatin 5 interacted with HA beads and formed in vitro pellicle. RP-HPLC 
profiles indicated that the ratio of histatin 5 adsorbed to HA was about 1 ug of protein 
per 10 mg of HA beads. 
Agglutination assay 
As expected, A. naeslundii ATCC 12104 was strongly agglutinated by human 
whole saliva. The agglutination was evaluated macroscopically, microscopically, and 
spectrophotometrically. The titer determined with the microtiter evaluation was 128. 
Histatin 5 alone, was unable to agglutinate A. naeslundii ATCC 12104 at concentra-
tions up to 300 ug/ml. The inability of histatin 5 to induce agglutination was also 
Table 3. Effect ofhistatin 5 on saliva-induced agglutination of 
A. naeslundii ATCC 12104 (pretreated bacteria*) 
Histatin 5 final Mean (SD) of agglutination 
concentration (ug/ml) 
Control 
100 
50 
25 
· percentage 
69.44 (0.11) 
69.65 (1.62) 
71.07 (0.76) 
70.87 (1.97) 
*Bacterial suspensions were pretreated with histatin 5 at room temperature for 
30 minutes. 
Table 4. Effect of histatin 5 on saliva-induced agglutination of 
A. naeslundii ATCC 12104 (directly exposed bacteria)* 
Histatin 5 final Mean (SD) of agglutination 
concentration ( ug/ml) 
Control 
100 
50 
25 
percentage 
75.17(1.1) 
76.11 (1.97) 
74.94 (2.8) 
75.49 (1.33) 
*Bacterial suspensions were directly exposed to histatin 5 in presence of 1: 16 
diluted human parotid saliva. 
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checked spectrophotometrically, macroscopically, and microscopically. The effect of 
histatin 5 on saliva-induced agglutination was also examined. Spectrophotometric 
evaluation and two approaches on bacterial exposure to histatin 5 were utilized. 
Histatin 5 up to 100 ug/ml, had no inhibitory or promoting effect on saliva-induced 
agglutination for both pretreated (Table 3) and directly exposed bacteria (Table 4 ). 
Inhibition of hemagglutination assay 
All B. forsythus strains tested exhibited hemagglutination properties. The bac-
terial concentration for determination of the hemagglutination titer was standardized 
at O.D. 1.0 (550 run). B. forsythus ATCC 43037, B. forsythus CU 4067 M7 and B. 
f orsythus 719 .11 showed similar activity with a titer of 32. The same bacterial concen-
tration was utilized for the inhibition assays for all strains (twice the titer concentra-
tion). 
Under the conditions tested, both histatins 5 and 9 completely inhibited B. 
forsythus hemagglutination at 3.12 nmole/ml concentration. In order to localize the 
functional domain for the inhibitory activity, peptides corresponding to fragments of 
histatin 5 were tested (Table 1 ). All peptides were active in inhibiting the hemaggluti-
nation activity of B. forsythus (Figure 19). The lowest minimum inhibitory concentra-
tion (MIC) of the tested peptides was 1.6 nmole/ml and the highest 25 nmole/ml. Pep-
tides 1 and 3 were the most potent inhibitors of hemagglutination for all strains (1.6 
mnole/ml). Histatins 5 and 9, and Peptides 2 and 4 were also very potent (3.12 
mnole/ml). Peptides 5 and 6 exhibited the highest WCs for all bacterial strains tested 
(6.25-25 nmole/ml). 
Even though all peptides were active in very low concentrations, some differ-
ences in the WCs were observed. Addition of three amino acids at the amino-terminal 
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Figure 19. Inhibition of B. forsythus hemagglutination by histatins 5 and 9, and histatin fragments (final 
concentration in nmole/ml). B. forsythus ATCC 43037 (hatced bar), B. forsythus CV 4067 M7 (dotted 
bar), B. forsythus 719 .11 (dense hatched bar), SD (error bar). 
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Figure 20. Effect of bacterial concentration on the inhibition of B. forsythus ATCC 43037 
hemagglutination by histatins 5 and 9, and histatin fragments (final concentration in nmole/ml). 1/16 
dilution (hatced bar), 1/8 dilution (dense hatched bar), SD (error bar). 
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of histatin 9, generating Peptide 2 and elimination of three amino acids from the 
carboxyl-terminal of this fragment, producing Peptide 4 had no effect on the MIC. Ad-
dition of seven amino acids in the amino-terminal of histatin 9, producing Peptide 1 
decreased the MIC form 3.12 to 1.6 nmole/ml. Elimination of three amino acids from 
the carboxyl-terminal of this fragment, generating Peptide 3 had no effect on the MIC 
between these two peptides. Peptide 5 is essentially the middle 2/3, and Peptide 6 is 
the amino-terminal 2/3 of histatin 1. Both peptides exhibited significantly increased 
MICs. In conclusion, it seems that the carboxyl-half part of histatin 5 (histatin 9) is 
strongly involved in the inhibitory properties of the molecule on hemagglutination and 
addition of seven amino acids in the amino-terminal of histatin 9 slightly enhances the 
inhibitory potential. 
The experiment on the effect of B. forsythus ATCC 43037 concentration on 
the inhibitory potential of the tested peptides verified more clearly the inhibitory 
patterns among the peptides (Figure 20). All peptides, as expected, were less inhibitory 
in the higher bacterial concentration tested. Histatins 5 and 9, and Peptides 1, 2, 3 and 
4 were slightly less inhibitory compared to the values obtained with the original bacte-
rial concentration. However, both Peptides 5 and 6 exhibited a significant decrease 
in .their inhibitory potential with a 4-fold increase in their MICs. 
All the other salivary proteins tested, inhibited also B. forsythus ATCC 43037 
hemagglutination (Table 5). B.S.A and PRP I showed the same inhibitory potential 
with Peptide 1, the stronger inhibitor among the synthesized peptides (1.6 nmole/ml). 
PRP III had an intermediate inhibitory potential (6.25 nmole/ml) and statherin was the 
weakest inhibitor among the tested salivary proteins with a MIC of 12.5 nmole/ml. 
None of the tested sugars or of the naturally occurring peptides without arginine 
residues used showed inhibition on B. forsythus ATCC 43037 hemagglutination at 
Table 5. B. forsythus ATCC 43037 hemagglutination inhibition 
by various salivary peptides 
Histatin 5 3. 12 
Peptide 1 1. 6 
B.S.A. 1.6 
PRP I 
PRP III 
Statherin 
1.6 
6.25 
12.5 
The values in the table are the lowest concentrations in nmole/ml at which 
hemagglutination is inhibited by the peptides. 
Table 6. B. forsythus ATCC 43037 hemagglutination inhibition 
by various protease inhibitors, peptides, and sugars 
Na-p-Tosyl-L-lysine chloromethyl ketone 0.2 
p-Hydroxymercuribenzoate 1. 6 
V al-His-Leu-Thr-Pro- V al-Gly-Lys >200 
Tyr-Gly-Gly-Phe-Leu >200 
V al-Gly-Ser-Glu >200 
pGlu-His-Gly >200 
Poly-L-Arginine >400 
L-Arginine > 3,000 
D-Galactose >30,000 
D-Glucose >30,000 
D-Mannose >30,000 
D-Fructose >30,000 
Lactose >30,000 
Maltose >30,000 
The values in the table are the lowest concentrations in nmole/ml at which 
hemagglutination is inhibited. 
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the concentrations tested (Table 6). Inhibition was not observed for the peptides at 
concentrations as high as 200 nmole/ml. In addition, none of the tested amino acids 
and polyamino acids, including L-arginine and poly-L-arginine were inhibitory at 
concentrations as high as 3,000 nmole/ml and 400 nmole/ml, respectively. Sugars were 
not inhibitory even at 30,000 nmole/ml concentrations. However, both TLCK and 
PHMB were very effective inhibitors. MICs of both inhibitors were lower compared 
to histatins and the other salivary peptides. The trypsin and papain irreversible inhibi-
tor TLCK inhibited hemagglutination at concentrations as low as 0.2 nmole/ml. The 
thiol-blocking agent PH:tvm was a very effective inhibitor also, with a MIC of 1.6 
nmole/ml. 
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DISCUSSION 
BACTERICIDAL POTENTIAL OF HISTATINS 
Even though the bactericidal properties of histatins are well established, only . 
the major members of the family have been studied so far on a limited number of 
bacterial species. An overall view and comparison of the available data is hindered by 
the diversity of the assays and the environmental conditions utilized, the different 
peptides tested in various studies as well as the utilization of enriched preparations of 
histatins in some of the investigations. Meaningful results can obviously be obtained 
only with the use of pure proteins and utilization of enriched preparations is not a 
reliable means for investigation of the bactericidal profiles of histatins. 
Previous studies revealed the susceptibility of members of the group of Mutans 
Streptococci to major histatins (Xu and Oppenheim 1990). LD50 values ranged between 
39-102 nmole/ml (for -different serotypes) for histatin 1, 6-47 nmole/ml for histatin 3, 
and 3-21 nmole/ml for histatin 5 under capnophilic conditions and pH 6.0-8.0. 
Bactericidal potential was enhanced at pH 4.0-5.0. On the other hand, C. albicans 
blastoconidia were susceptible to major histatins at concentrations between 27-54 
nmole/ml and the germinated cells at concentrations between 108-216 nmole/ml (Xu 
et al. 1991). Histatin 5 was the most potent peptide and histatin 1 the least active. Low 
pH enhanced the candidacidal effects of histatins 1 and 3, while histatin 5 was 
unaffected. Low ionic strength also enhanced the candidacidal potential of all major 
histatins. A more recent study (Colon et al. 1993) with P. gingivalis ATCC 44830 
reported LD50 killing values for histatin 5 that ranged between 200-500 nmole/ml at 
pH 6.0-7 .0, under anaerobic conditions. The pH had also a tremendous effect on the 
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bactericidal potential. Killing percentages were as low as 3% at pH 8.0 and as high 
as 90% at pH 5 .0. In conclusion, much higher histatin concentrations are required to 
provide complete killing of P. gingivalis ATCC 44830, compared to both 
Streptococcus and C. albicans strains. Low pH and ionic strength amplify the 
microbicidal potential of histatins. 
A wide variation of the results obtained from the various bactericidal assays on 
the species utilized in this investigation was observed. However, this diversity in the 
bactericidal results was expected. Many reasons accounted for this phenomenon, 
including the wide range of bacteria with different physiologic, pathologic and 
biochemical profiles, and differences in nutritional requirements and the growing 
environments involved in this investigation. A. actinomycetemcomitans is a gram-
negative, capnophilic species. P. gingivalis, P. intermedia, B. forsythus, and F. 
nucleatum are gram-negative, strictly anaerobic species. P. micros strains are gram-
positive, anaerobic cocci. All the aforementioned species are highly associated with 
destructive periodontal disease. On the other hand, Actinomyces species are gram-
positive, facultative anaerobic rods and members of the group of Mutans Streptococci 
(previously studied), are gram-positive, facultative anaerobic cocci. Both Actinomyces 
and Streptococcus species have been associated with initiation and progression of . 
severe caries lesions on enamel and cementum surfaces. A more detailed description 
of all the physiological and biochemical characteristics and properties of these bacteria 
are beyond the scope of this study. However, it is obvious that differences between 
bacteria would be the most pronounced observation. 
In the present study A. viscosus LY7, A. naeslundii ATCC 12104, and A. 
odontolyticus ATCC 17929 were found to be susceptible to histatin 5 (Figure 3) with 
100% killing observed at 10-20 nmole/ml (pH 7.4). The results of the buffer 
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microdilution assay for Actinomyces species are comparable with the data from 
previous studies against members of the Mutans Streptococci group and fungi, and the 
bactericidal concentrations are within the physiologic range of the peptides in the oral 
environment. Physiologic concentrations ofhistatins in the oral environment have been 
reported from several investigators. Assuming an average molecular weight of 4,000 
for the major histatins, immunologic determination in 15 healthy subjects revealed a 
range of 2 to 40 nmole/ml for histatins 1, 3, and 5 (Atkinson et al. 1990). Higher 
values have also been reported. Calculating individually the major histatins, 
immunologic and densitometric evaluations showed a range between 15-95 nmole/ml 
in stimulated parotid secretions, and 5-35 nmole/ml in submandibular secretions for 
all major histatins together (Dabbagh et al. 1994). Quantification by capillary 
electrophoresis revealed a range of 13-105 nmole/ml for the parotid and 13-85 
nmole/ml for the submandibular/sublingual secretions (Lal et al. 1992). 
On the other hand, results of the buffer microdilution assay for the periodontal 
pathogens revealed much higher bactericidal concentrations for histatins and histatin 
fragments, in agreement with the previously reported results for P. gingivalis ATCC 
44830 (Colon et al. 1993). Despite the wide range of bactericidal results, the 
percentage killing ranged between 30-60% at 500-1,000 nmole/ml with no specificity . 
trends for the tested peptides. In contradiction, results obtained from the broth 
microdilution method for P. gingivalis A7 Al-28, clearly showed the inhibitory activity 
of peptides P-1 and P-3 (Figure 12) with the rest of the peptides exhibiting minimal 
to no inhibitory activity. Both peptides P-1 and P-3 exhibited 100% inhibition of P. 
gingivalis growth at 2,000 nmole/ml, 50-75% inhibition at 1,000 nmole/ml, and 10-
20% at lower concentrations. In conclusion, these bactericidal concentrations are much 
higher than those required for complete elimination of Streptococci, Actinomyces, and 
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C. albicans strains. 
An overall assessment of the bactericidal profiles of histatins, combining the 
results from this study with those previously reported, would reveal differences in the 
microbicidal potency. In general, histatins are more potent against gram-positive 
bacteria and fungi than against gram-negative microorganisms. 
The role of the different cell-wall structure between gram-positive and gram-
negative bacteria might be an important parameter in the expression of the bactericidal 
activity of histatins. In fact the periodontal pathogens tested are all gram-negative 
microorganisms except for P. micros. The differences in the cell-wall structure could 
apparently affect the initial binding of the histatin molecules on the bacterial surface, 
and therefore, influence the bactericidal concentrations. However, histatin levels 
necessary for significant bactericidal effect on P. micros were comparable to the gram-
negative species, indicating that other factors contribute as well to the observed 
differences on bactericidal histatin levels. 
Another variable that might affect the bactericidal potential of histatins may be 
the actual experimental environment. Microbicidal experiments against Streptococci 
and Actinomyces strains were conducted under capnophilic conditions whereas all the 
experiments with periodontal pathogens were conducted under strictly anaerobic 
conditions. In addition, when comparing the results of the broth microdilution assay 
with those obtained from the buffer microdilution assay for P. gingivalis A7Al-28 
(Figure 13), major differences are obvious. The broth microdilution assay revealed 
great inhibitory activities for Peptides 1 and 3, with almost no activity for the rest of 
the peptides. The buffer microdilution assay revealed bactericidal activity for all the 
peptides (50-80%) without any trends for the bactericidal profiles of the individual 
peptides. These differences are probably due to different environmental conditions of 
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the two assays. In the buffer microdilution assay, the microorganisms are exposed to 
the peptides for three hours under non-growing conditions (absence on nutritious 
elements). In the broth microdilution method, the bacteria are exposed to the peptides 
under growing conditions (presence of broth) and the measurements are taken after 24 
hours. Even though very little is known for the actual mechanism of action for 
histatins, the environment might also play a significant role in the bactericidal process. 
Finally, bacteria exhibit different susceptibility profiles against well established 
antibiotics with many species being resistant and other susceptible to certain 
antimicrobial agents. Moreover, many strains within the same species may be also 
resistant to the same antibiotic while other strains are susceptible. These phenomena 
might apparently be also applicable in the case of histatins. Bacterial resistance to 
antibiotics can be intrinsic or acquired. Cellular characteristics are responsible for the 
first type of resistance. Acquired resistance is due to mutation of genes or acquisition 
of genetic information with plasmids. Resistance mediated with plasmids is often 
associated with production of bacterial enzymes that hydrolyze the antibiotic or do not 
allow binding to target cellular components (Genco 1981). However, the mechanism 
related to histatin resistance is not clear with the limited data available. 
Based on the results of this study, as well as on other available data, the 
possibility of using histatins for control of the indigenous oral microflora is quite 
attractive. In the majority of the population the local oral antimicrobial defense 
mechanisms seem to be adequate in maintaining an equilibrium since health is usually 
observed. Since histatins are a major part of the non-immune oral defense system, it 
is reasonable to expect that supplementation of histatins in a form of solution might 
be very helpful in situations where disease is present and the defense mechanisms are 
not adequate to control the noxious effects of the microflora. The most important 
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advantage of such an approach would be the apparent non-toxic nature of the 
supplemented proteins. Histatins can, therefore, be utilized in concentrations much 
higher when compared to the normal levels. Such increased concentrations will be able 
to cover a wide range of bacteria including periodontal pathogens which appare~tly 
are susceptible to higher levels of histatins, without any side-effects for the host 
tissues. 
It is noteworthy to mention here the defensins, a family of bactericidal, low 
molecular weight (4 kDa) peptides present in phagocytic leukocytes (Lehrer 1993). 
Despite the prominent differences in biochemical composition (completely different 
structures), the members of both families are cationic peptides and share many 
common characteristics. Defensins present high degree of homology within different 
species (human, rabbit, rat, guinea pig, insects). High degree of homology has been 
revealed also, between human histatins and histatins from the primate M acaca 
f ascicularis (Xu et al. 1990). Def ens ins are able to kill many bacteria showing greater 
potential for gram-po -sitive bacteria and fungi compared to gram-negative species. 
Histatins seem to also follow the same bactericidal and candidacidal profiles. The 
bactericidal effect of defensins is greater at low ionic strength and his tatins also 
. exhibit increased candidacidal potential at low ionic strength environment. The 
principal target for defensins is the plasma cell membrane and the antimicrobial action 
monitored by leakage of intracellular components is a result of avid, biphasic binding 
of the proteins and creation of transmembrane pores on the cell surface of the 
organisms attacked (Ganz et al 1988). Limited data also support the idea that the 
mechanism of histatin action is the ultimate leakage of intracellular elements from the 
microorganisms (MacKay et al. 1979, Pollock et al. 1984). However, defensins are 
more active when compared with histatins, requiring much lower concentrations for 
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bactericidal activity and are actually highly toxic for the host tissues (Lehrer 1993). 
Defensins do not exhibit target-membrane selectivity and they are able of killing 
human cells. Histatins on the other hand are constituents of saliva and are constantly 
present in the oral cavity without any harmful effects on the oral tissues. 
Binding of a biologically active substance on the surlace of a living cell is 
necessary for expression of its biologic activity on the target-organism. The same 
biologic principle is obviously applicable for histatins. Binding of these proteins on 
the bacterial cell surface is apparently required for the expression of their bactericidal 
properties, suggesting that histatins avidly bind on bacteria in order to display their 
microbicidal activity. 
Preliminary reports with fluorescence microscopy (Xu and Oppenheim 1991) 
and utilization of fluorescent-labeled histatin 3 revealed the avid binding of the 
molecule on the surface of C. albicans. The binding was specific since the labeled 
peptide did not bind on cells preincubated with non-labeled histatin 3. 
Moreover, studies revealed the presence of specific receptors for histatin 5 on 
the cell surlaces of P. gingivalis 381 (Murakami et al. 1991b). Synthetic histatin 5, 
radiolabeled with Na 125I bound to P. gingivalis 381 within 5 minutes, reached a 
. plateau in 30 minutes, and remained bind for at least 2 hours. The binding was 
reversible, saturable, but with low affinity. Scatchard analysis of the binding data 
suggested a single binding site-receptor and revealed approximately 3,600 histatin 5 
receptors per cell. The Kd value reported was 3.9 nmole/ml. The LD50 values for 
Actinomyces species ranged between 0.4-1 ug/ml. In addition the LD50 values for C. 
albicans ranged between 1.7-2.5 nmole/ml. Since Kd and LD50 values are well related, 
binding of histatin 5 on the cells is responsible for the microbicidal effects. Additional 
mechanisms might be involved in killing of periodontal pathogens since much higher 
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concentrations are required to observe bactericidal effects. 
Similarly, further studies by the same group (Murakami et al. 1992a) revealed 
specific receptors for histatin 8 on the same microorganism. Binding occurred within 
1 minute, reached a plateau in 10 minutes, and was stable for at least 2 hours. The Kd 
value reported was 1.5 nmole/ml. Scatchard analysis suggested a single class of 
binding sites and revealed approximately 15,000 binding sites per cell. Chemical cross-
linking of radiolabeled histatin 8 to bacterial cells and analysis with SDS-PAGE and 
autoradiography revealed the presence of two bands of histatin 8 receptors with 44 
kDa and 41 kDa molecular mass, suggesting that histatin 8 receptor is a dimeric 
molecule. Presence of cu++ enhanced 30-fold the binding activity of histatin 8. 
Significant differences are observed for the affinity profiles of histatins with 
bacterial species. Histatin 5 exhibits insignificant binding for S. mitis ATCC 9811 and 
B. /oescheii ATCC 15930 (Murakami et al. 1991b). On the contrary, significantly high 
affinity of histatin 8 is observed for Porphyromonas, Prevotella, and Capnocytophaga 
species (Murakami et al. 1992a). No correlation can be established between the 
binding affinity and the bactericidal potential against certain bacteria at this point, but 
certainly this is an exciting possibility that requires further investigation. 
Even fewer data are available for the mode of action of histatins and the . 
microbicidal mechanisms involved. There are no data on the process after the initial 
binding and only speculations can be drawn for the next steps of the actual 
bactericidal action of histatins. Histidine-rich proteins induced membrane permeability 
on radiolabeled S. mutans BHT cells (MacKay et al. 1979). A mixture of HRPs (25 
ug/ml) with HRP-3 predominant (80% ), exhibited 43% release of the radioactive-label 
after 1 hour of incubation with a concomitant 44% reduction in colony forming units 
(200 ug/ml lysozyme exhibited 100% release). 
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Similarly, the loss of viability was well correlated with loss of potassium ions 
form C. albicans cells, suggesting membrane permeability and/or damage (Pollock et 
al. 1984 ). The potassium release was evaluated by means of a potassium-specific 
microelectrode during a 45-min incubation. Potassium release as much as >90% was 
reported from C. albicans cells after 30 min whereas-the spontaneous release from the 
control mixtures was 35%. 
An interesting theory to explain the mechanism of action of histatin 5 on C. 
albicans cells is based on the conformational changes of this peptide depending on the 
hydrophobicity of the environment (Raj et al. 1990). The random-coil structured 
histatin 5 in aqueous environment, assumes a-helical conformation in hydrophobic 
solvents. Some toxic peptide antibiotics of microbial origin with rigid helical 
conformations form channels across membranes (hydrophobic environment) and thus 
alter membrane permeability and the ionic gradient of the cell, resulting in cell death. 
The conformational adaptability of histatin 5 provides the necessary structure for 
insertion in the cell membrane and possibly interaction with other molecules, locally, 
to promote alteration of the ionic gradient of the membrane and loss of essential ions. 
The random-coil structure that histatin 5 assumes in the salivary environment may well 
. explain the nontoxic nature of the peptide when compared to the aforementioned . 
microbial antibiotics. A similar model of action is proposed for defensins, as 
mentioned earlier. Defensins bind to the target membranes and form channels that 
ultimately lead to cell death. 
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OTHER ANTIMICROBIAL PROPERTIES OF HISTATINS 
Inhibition of glycolysis 
Many years ago, in the 1950s, when the salivary research was practically 
developing, the physiology of the oral flora was of great interest. Obviously the 
technology was primitive compared to contemporary standards and therefore, 
imaginative use of the available techniques had to overcome the lack of sophistication 
that today is taken for granted. Relationships between the salivary sediment that 
contains essentially all bacteria present in saliva and the filtered salivary supernatant 
were investigated. It was reported that whereas the metabolic activity is a 
characteristic of the oral microflora, there is one or more salivary components that 
greatly enhanced this metabolic process (Hartles and Wasdell 1955). It was found that 
both aerobic and anaerobic glycolysis was enhanced utilizing measurement of 0 2 
consumption and CO2-production. It was also proposed that this phenomenon was not 
a substrate effect. Many investigators tried to identify and isolate the active fragments 
often reporting different, if not conflicting results. A protein of 7000-11000 molecular 
. weight was identified (Kawasaki 1964 ), and various low molecular weight peptides . 
(Ishihara 1967, Mishiro et al. 1969), urea and a high molecular weight protein (Molan 
and Hartles 1969) were also proposed as glycolysis promoters. 
However, at the same time an other hypothesis to explain the phenomenon was 
proposed (Hay and Hartles 1965). More advanced chromatography methods were 
utilized and fractionation of both whole and parotid saliva on Sephadex columns 
revealed that many fractions were actually able to enhance glycolysis. Mixtures of 
amino acids and hydrolyzed parotid saliva also exhibited promoting activity. It was 
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proposed that the presence of nutritious salivary elements, specifically amino acids and 
peptides promoted bacterial anabolic pathways. The anabolic reactions required energy 
which was obtained from the intracellular catabolism of glucose. Therefore, in contrast 
with the existing theory, the enhancement of bacterial glycolysis was merely an 
indirect substrate effect. In the absence of the nutritious salivary amino acids and 
peptides glycolysis rhythm was declined whereas abundance of these elements 
significantly promoted the catabolism of extracellular glucose. 
Interestingly, and while basic salivary peptides were studied extensively, it was 
reported that a small salivary peptide exhibited pronounced enhancing activity on the 
glycolysis of the bacterial flora (Holbrook and Molan 1975). The amino acid 
composition revealed abundance of histidine and a molecular weight between 2500-
3000. This very basic peptide, was the fastest moving basic salivary protein on 
cationic polyacrylamide-gels and exhibited high enhancing activity, disproportionally 
to its concentration. The structural profile of the isolated peptide fits well with the 
characteristics of the histatins family and actually this study might actually be the first 
r-eport on the functional properties of this group of salivary proteins. It is remarkably 
interesting that no studies were done after the complete isolation and characterization 
of histatins to verify the effects of pure proteins on bacterial glycolysis. The lack of 
relative information stimulated the interest in the present study for investigation of the 
possible effects of histatins 1, 3, and 5 as well as histatin fragments on glucose 
catabolism by S. rattus. 
In contrast with the earlier results (Holbrook and Molan 1975), the assay 
utilized in this study clearly manifested that histatins not only enhanced the glycolysis 
process as expected, but had a significant inhibitory effect on this metabolic process. 
Many reasons may account for the obviously conflicting results. First of all 
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pure cultures of a well-known cariogenic strain were utilized in this study in contrast 
with the salivary sedimented material used in previous studies. This material was 
apparently a crude mixture of all the microorganisms present in whole saliva, 
exfoliated epithelial cells and leukocytes. Moreover, the bacterial glycolysis rate in the 
previous investigation was evaluated with the production of CO2 under anaerobic 
conditions (95% N2, 5% CO2) in bicarbonate buffer supplemented with glucose. The 
CO2 produced is an indicator of the total anaerobic activity because both the 
fermentation of glucose and the release of CO2 from the bicarbonate buffer due to 
production of acids, account for the production of CO2 • Toe present study was based 
in the production of acids from bacterial glucose catabolism as a mean of glycolysis 
evaluation. Finally, the histidine-rich peptide utilized in the previous assay was 
probably a mixture of histatins and/or histatin fragments with unknown composition. 
The fact that histatin fragments in the present study failed to inhibit bacterial 
glycolysis apparently suggests that the histidine-rich material utilized earlier may was 
actually a mixture of histatin fragments. 
. Interactions of histatins with Actinomyces species adhesins 
Bacterial attachment, especially on surfaces bathed by fluids like those in the 
oral cavity is a fundamental step for colonization and the subsequent plaque formation 
(Gibbons 1989, van Loosdrecht et al. 1990). Antagonistic or cooperative interactions 
between bacteria, and bacteria and host constituents are critical for the initial 
attachment and colonization and as a result of these multiple interactions, bacteria 
exhibit a remarkable degree of specificity in their colonization patterns. 
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In a fluid-flow environment, bacteria must attach to nearby surfaces or else they 
would be washed away. Most bacteria in the mouth appear to grow slowly (2-4 
divisions every day) and therefore, they cannot maintain themselves free in oral 
secretions by multiplying faster than the washout rate caused by the fluid flow. Three 
surfaces in the oral environment are available for attachment: Immobilized salivary 
components in the enamel acquired pellicle, glycoproteins on epithelial cell surfaces, 
and other bacteria. 
Bacteria can loosely attach on surfaces by electrostatic or hydrophobic forces 
of low specificity. In the phase of low association bacteria are frequently located 
approximately 10 nm from the surface. As they come close, they are repelled by the 
negative electrostatic charges possessed by most natural surfaces and by most bacteria. 
In this distance, bacteria must bridge the gap and form bonds with the adsorbent 
surface in order to resist the cleansing forces of the salivary flow. This will result in 
the affinity required for colonization. 
To avoid confusion in terminology, the proteinaceous bacterial ligands involved 
in attachment will be referred to as adhesins and the complementary molecules with 
which adhesins bind on tissue surfaces in a stereochemically specific manner, will be 
referred to as receptors. Often, adhesins are associated with bacterial surface 
appendages called fimbriae or pili. However, adhesins can lack the discrete appearance 
of fimbrils as well (non-fimbrial adhesins) and on the other hand, bacterial appendages 
may not be adhesive also. Receptors that are unavailable but several phenomena 
expose them in order to serve as receptors will be referred to as cryptitopes. Receptors 
may be glycoconjugates on the surface of animal cells, elements of absorbed organic 
films, or constituents of the bacterial surfaces. Fimbrial adhesins are mainly proteinic 
polymers of repeated subunits and occasionally some phosphate, simple carbohydrates, 
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and phospholipids elements have been reported without however definite evidence that 
these elements are not cell-wall contaminants. 
Most adhesins are galactosyl-binding, lectin-like which bind to saccharide 
receptors. Many bacteria that possess galactosyl-binding lectin-like adhesins attach 
poorly, if at all to unmodified erythrocytes, epithelial cells, or experimental pellicles 
prepared from salivary mucins. However treatment of these surfaces with 
neuraminidase, removes terminal sialic acid residues and exposes galactosyl residues 
which functioning as enzyme-generated cryptitopes, interact with the adhesins of these 
bacteria. 
Adhesins can also bind to proteinaceous receptors (protein-protein adhesin). 
Many bacteria attach to the protein receptors which are constituents of the acquired 
enamel pellicle. This thin film is less than 1 um thick and is formed by the selective 
adsorption of saliva, crevicular fluid, and bacterial products on the enamel. Enzyme-
created cryptitopes have been also observed in the protein-protein family of adhesins-
receptors. Attachment on epithelial cells of P. gingivalis that possess a protein-protein 
adhesin is greatly enhanced after trypsin treatment. Trypsin and trypsin-like enzymes 
cleave peptides and expose arginine-residues. P. gingiva/is has been reported to bind 
to arginine-containing receptors and the attachment to certain host cells is inhibited by 
arginine-containing peptides. 
In addition, salivary components (mucins and other glycoproteins, lysozyme, 
IgA antibodies) may serve as receptors for bacterial adhesins. These constituents 
contain oligosaccharides analogous with those present on epithelial cells. On the other 
hand, salivary components absorbed on teeth forming the enamel pellicle, function as 
receptors and therefore, when in solution represent dissolved receptors. These salivary 
components are able of blocking bacterial adhesins and hence the ability of bacteria 
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for attachment on teeth and oral epithelial cells. Salivary components also tend to 
agglutinate bacteria in salivary suspension forming aggregates that are easily removed 
by swallowing. 
The initial bacterial monolayer formed on teeth is comprised of 80% S. sanguis, 
S. mitis, or S. oralis, and 10% A. viscosus or A. naeslundii (Nyvad and Killian 1978). 
This colonization pattern suggests high affinity for the tooth surface as well as 
possible interactions between the two genera. After the formation of this thin 
monolayer, the development of a bacterial community and the ultimate formation and 
further maturation of dental plaque depends on complex bacterial interactions. 
Salivary glycoproteins and extracellular microbial polysaccharides (dextrans, levans) 
are utilized as connecting elements and more specific interactions between various 
bacterial strains and species are the most important mechanisms involved. 
According to a newly proposed theory (Gibbons 1989) enzyme level shifts, 
particularly of neuraminidase and proteases, might be responsible for modification of 
surfaces receptors and therefore, for modifications on bacterial populations, from 
gram-positive, "hannless" to gram-negative, highly destructive. These enzymes are 
derived from inflammatory cells associated with the gingival inflammation and may 
also be of bacterial origin. Enzyme level shifts may destroy receptors for some 
bacteria, while creating cryptitopes for others. S. mitis and S. sanguis possess adhesins 
which bind to sialic acid-containing receptors (Murray et al. 1982, 1986) and this 
species can be recovered from the buccal mucosa and plaque. Treatment of pellicles 
or epithelial cells with neuraminidase exposes galactosyl residues from sialic acid-
containing receptors limiting attachment of S. mitis and S. sanguis. At the same time 
the presence of galactosyl receptors promotes the attachment of A. viscosus and A. 
naeslundii (Cisar 1986), P. intermedia (Okuda and Kato 1987), F. nucleatum (Falkler 
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et al. 1979), and E. corrodens (Yamazaki et al. 1981) which have galactosyl-binding 
lectin-like adhesins. Treatment of epithelial cells with trypsin, papain, and PMN 
lysosomal enzymes markedly reduced attachment of S. mitis and S. sanguis while 
greatly enhanced attachment of P. gingivalis and A. actinomycetemcomitans (Childs 
and Gibbons 1988). 
Actinomyces, like many bacteria possess proteinic in nature fimbriae which 
accomplish the attachment after the initial adhesion on oral tissues. Two 
morphologically similar, but antigenically and functionally distinct types of fimbriae 
have been detected on Actinomyces species: Type 1 fimbriae which bind to salivary 
pellicles on apatitic surfaces and Type 2 fimbriae which bind to erythrocytes, epithelial 
cells, and certain other bacteria in a lactose-inhibitable, neuraminidase-dependent 
manner (Cisar et al. 1984, Cisar 1986). The significantly different colonization patterns 
and distribution of Actinomyces species in the oral cavity has been attributed to the 
allocation of these fimbriae on the bacterial surface. Typical strains of A. viscosus and 
A. odontolyticus whic~ have both types of fimbriae colonize clean teeth early, whereas 
A. naeslundii which lacks Type 1 fimbriae can be isolated from epithelial cell surfaces 
and saliva of adults and from oral cavities of pre-dent.ate infants (Ellen and Sivendra 
1985, Cisar 1986, Cisar et al. 1988). 
Adsorbed acidic proline-rich proteins (PRPs) and statherin on HA beads serve 
as receptors for adhesins that reside on Type 1 fimbriae, exposing cryptitopes which 
are undetectable when the proteins are in solution (Gibbons and Hay 1988). These 
phosphoproteins are some of the most important constituents of the acquired dental 
pellicle (Hay 1973, Kousvelari et al. 1980, Bennick et al. 1983) and surprisingly, 
promote bacterial adherence to a level comparable to whole saliva. However, this high 
affinity is not present when the PRPs are in solution (Gibbons and Hay 1988). The 
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evident incompetence of these proteins when they are in solution, to react with 
bacteria, is attributed to conformational changes upon adsorption on HA. In a more 
recent study with adsorption of S. gordonii on PRPs-coated HA (Gibbons et al. 1991), 
it was proved that the PRP segment responsible for the adhesion of this microorganism 
was the carboxyl-tenninal dipeptide Pro-Gly (residues 149-150). 
It the present study it was showed for the first time that pure histatin 5 alone 
can absorb to HA even when not in association or without the assistance of other 
salivary proteins. Unlike PRP 1, histatin 5, when adsorbed on HA does not promote 
bacterial adsorption even at the concentration of 100 ug/ml in the pellicle forming 
fluid and therefore does not act as a receptor for the adherence of A. viscosus. This 
is in accordance with Clark et al (1989) who utilizing a latex bead aggregation assay 
showed that when adsorbed, histatin 1 and an enriched preparation of salivary 
histidine-rich polypeptides 3, 4, 5, and 6 do not interact with different A. viscosus 
mutants possessing or lacking type 1 fimbriae. 
Histatin 1, which is a phosphorylated peptide like the PRPs and an important 
constituent of the acquired enamel pellicle as well, exhibited higher adhering activity 
when compared to histatin 5, but still moderate when compared to PRP I even at high 
concentrations (100 ug/ml). In addition, at low concentrations the adherence activity 
of histatin 1 was minimal while PRP 1 presented with a more than less stable 
adherence profile even at the lowest concentration tested. The non-promoting nature 
of histatins 1 and 5 might be of great importance because bacterial attachment in the 
oral cavity is a prerequisite for colonization. Binding on bacterial cell surface is 
obviously necessary for histatins to exert their bactericidal properties, suggesting that 
histatin 5 avidly binds on bacterial cell surfaces, whereas PRPs, even at high 
concentrations do not interact with bacteria (Gibbons et al. 1988). 
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In conclusion, results obtained suggest that histatin 5 and PRPs have different 
behavioral patterns when adsorbed on surfaces and when they are in solution. It is 
possible, in a similar (but negative) fashion with PRPs, that when adsorbed, histatin 
5 might undergo structural conformational changes which prohibit or substantially 
decrease binding with bacterial surfaces. Although the higher structure of histatins has 
not been studied yet, the flexibility of histatin 5 which favor helical conformations in 
hydrophobic but random structures in aqueous environments (Raj et al 1990), provide 
insights for the possible structural conformation when the protein is adsorbed on HA. 
However, more studies on histatin 5, in solution and when adsorbed on surfaces are 
necessary to confirm this primary hypothesis. 
The fact that adsorption of organisms on PRP 1 pellicles was not affected by 
the presence of histatin 5 in the bacterial solution suggests that the two proteins do not 
compete for the same specific bacterial surface components. Consequently, since Type 
1 fimbriae adhesins are involved in binding to PRPs (Gibbons et al. 1988), receptors 
for histatin 5 may not-actually reside on Type 1 fimbriae. 
Saliva is the normal bathing fluid of the oral cavity and represents an 
environment where all the complicated interactions between the microbial flora and 
the host occur. Its multifaced role includes a network of complex reactions from the 
formation of the enamel pellicle to the bactericidal mechanisms of its components and 
the variety of enzymatic reactions just to mention few. Saliva may affect the destiny 
of the oral bacteria in many ways. It forms the acquired enamel pellicle on the hard 
oral tissues where many gram-positive bacteria can adhere to their perspective 
receptors and, thus, start proliferating. Similarly, it may act as a link between the 
bacteria and the mucosa! surfaces. However, salivary components may also block 
attachment of bacteria on their receptors present on epithelial cells. In addition, its 
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components may serve as bonds for new bacteria with those that are already 
colonizing a surface. At the same time, when in solution, these components represent 
dissolved receptors. These salivary constituents are able of blocking bacterial adhesins 
and, hence, the ability of bacteria for attachment on teeth and oral epithelial cells. 
Moreover, salivary components also tend to agglµtinate a variety of bacteria that 
belong to the same species or strain (Koop et al. 1989) but also bacteria of different 
genera (Lamont and Rosan 1990), forming aggregates that are easily removed by 
swallowing. 
It is of general acceptance that saliva-induced agglutination is a very strong, 
complex reaction and many salivary components (agglutinins) involved, including 
mucins and other glycoproteins, lysozyme, and lgA antibodies, seem to act 
synergetically. The presence of calcium ions greatly enhance the rate of the reaction 
(Courtney and Hastly 1991, Koop et al. 1989). Variations are observed in the degree 
of agglutination between different species and strains of the same species with saliva 
from one donor (presumably due to differences in expression of surface components), 
as well as between saliva from various donors (presumably due to different 
concentrations of agglutinins) for the same bacterial species or strain (Courtney and 
Hastly 1991). 
Actinomyces are among the several bacterial species known to be agglutinated 
by human saliva with A. naeslundii exhibiting stronger reactions with higher titers 
when compared to A. viscosus (Koop at al. 1989, Ellen et al. 1983). The effect of 
histatins on agglutination was investigated since lysozyme, a well-known bactericidal 
agen~ cationic in nature, was shown to be one of many salivary proteins of both 
parotid and submandibular origin that have been implicated in the saliva-induced 
agglutination (Golub et al. 1985). It is of general acceptance that salivary agglutinins 
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are molecules of relatively high molecular weights and as was expected, histatin 5 
alone was unable to incite agglutination. None of the methods utilized (macroscopic, 
microscopic, spectrophotometric) showed that histatin 5 can agglutinate A. naeslundii 
cells even at the concentration of 300 ug/ml. Histatin 5 is not glycosylated and 
subsequently does not interact with the carbohydra~-specific type 2 fimbriae present 
on A. naeslundii (Cisar 1986). Binding of histatin 5 receptors residing on the cell-wall, 
did not induce agglutination under the specific experimental conditions of the assay. 
It was reported also (Payne et al. 1991) that enriched preparations of histidine-rich 
proteins 3-7 had little to no agglutinating activity on different members of the group 
of Mutans Streptococci. 
Pretreatment of bacteria with histatin 5 followed by addition of 1: 16 diluted 
saliva and the direct exposure to the mixture of histatin 5 with 1:16 diluted saliva had 
no significant effect on the agglutination induced by saliva. These observations suggest 
that histatin receptors on A. naeslundii are distinct units, not related with receptors for 
agglutination and subsequently the continuous presence of histatins in the oral cavity 
does not restrain unceasing bacterial sweeping by normal salivary flow and 
swallowing. The saliva-induced agglutination seems to be a very strong complex 
reaction, and the rigid binding between the salivary agglutinins and the elements on . 
the bacterial wall is rather irreversible. Theoretically, the Actinomyces agglutination 
mechanism could involve removal of terminal sialic acids from high molecular weight 
salivary proteins (with the action of bacterial neuraminidase) and binding of the 
galactosyl-binding, lectin-like Actinomyces adhesins on the penultimate b-Gal (Ellen 
et al. 1983). It is well known that specific sugars can completely inhibit or reverse 
Actinomyces hemagglutination, adherence on epithelial cells, and Actinomyces-
Streptococci coaggregation, all involving lectin-like reactions (Cisar et al. 1984, Cisar 
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1986). However, even certain carbohydrates that completely inhibit or reverse 
hemagglutination of Actinomyces species, blocking adhesive sites on type 2 fimbriae, 
only temporarily impair saliva-induced agglutination (Ellen et al. 1983). Apparently, 
Actinomyces species interact with salivary components in a complicated manner and 
with reactions that overrule the lectin-like binding system. 
Inhibition of hemagglutination 
The results of this study revealed for the first time the hemagglutination 
potential of B.forsythus. Among the putative periodontal pathogens, hemagglutination 
activity has been reported so far for only P. gingivalis (Inoshita et al. 1986, Nishikata 
et al. 1989, Okuda et al. 1986), E. torrodens (Nakae et al. 1993), and F. nucletaum 
(Ozaki et al. 1990). Ability for adherence on erythrocytes is crucial in the interactions 
of periodontal pathogens with the host. Even though hemagglutination was thought to 
be correlated with colonization of microorganisms, substantial evidence supports the 
idea that this phenomenon is not al ways an indicator for adherence potential on host 
tissues (Holt and Bramanti 1991). However, the hemin requirement of many periodon- . 
tal microbiota including B. forsythus for their multiplication, dictates interrelations 
with cells such as erythrocytes that are rich in this essential for growth element. P. 
gingivalis was shown to posses both hemagglutinin(s) and hemolysin (Chu et al. 1991) 
that provide attachment on erythrocytes, dissolution of the .cells, and utilization of 
hemoglobin for growth. 
Even though B. forsythus has not been studied extensively, it is apparent that 
it shares many common characteristics with P. gingivalis. They are both associated 
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with destructive forms of periodontal diseases and it was reported that whenever a 
subgingival plaque sample is positive for P. gingivalis, it is also positive for B. 
forsythus (Gmur et al. 1989). B. forsythus expresses its noxious effects on tissues 
utilizing many virulence factors. Sialidase produced by B. forsythus (Monda et al. 
1990) has the ability of altering in many levels the host response to periodontal micro-
organisms. B. forsythus trypsin-like protease hydrolyses a variety of synthetic sub-
strates (Loesche et al. 1992), indication for involvement in proteolytic degradation of 
host tissues. The presence of the trypsin-like protease is very important in identifica-
tion and probably virulence, since P. gingivalis, B.forsythus and Treponema denticola 
are the only species between more than 60 periodontal pathogens that possess this en-
zyme. The highly toxic, low-molecular weight metabolic end products of B.forsythus 
(Braham and Monda 1992) are practically identical to those produced by P. gingivalis. 
Histatins exhibit strong inhibitory effect on the hemagglutination of B.forsythus 
at concentrations ranging between 1.6-6.25 nmole/ml. The carboxyl-half part of 
histatin 5 that is functionally involved in the inhibition of hemagglutination, is present 
in most members of the family of histatins and therefore, inhibition of hemagglutina-
tion might be exhibited by virtually all histatins. Histatin 5 and histatin 8 also inhibit 
hemagglutination of P. gingivalis 381 (Murakami et al. 1990,1992). The immunologi- . 
cal determinations of histatin concentrations in healthy subjects revealed a range be-
tween 2-40 nmole/ml (Atkinson et al 1990) which is well within the hemagglutination 
inhibitory concentrations for B. forsythus reported in this study. The preventive role 
of histatins against B. forsythus might, therefore, be very significant in the oral envi-
ronment. 
B. forsythus hemagglutination was completely inhibited by the active site-
directed, irreversible, trypsin and papain inhibitor TLCK and by the thiol-blocking 
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agent PHMB at very low concentrations. However, none of the tested sugars inhibited 
hemagglutination, even at very high concentrations, excluding involvement of bacterial 
lectin-like adhesin in B. forsythus hemagglutination. These findings suggest that B . 
forsythus hemagglutinin(s) is a cysteine protease with a trypsin-like specificity. 
Histatins, PRPs, and statherin, all arginine-containing peptides, are active inhibitors of 
hemagglutination. Moreover, none of the other utilized peptides, which lack arginine 
residues, inhibited B. forsythus hemagglutination. Recently, it was also proposed that 
P. gingivalis hemagglutinin is an L-arginine-sensitive, cysteine protease (Nishikata et 
al. 1989). Arginine-containing peptides such as bradykinin, angiotensin I and PRP-gly-
coprotein, inhibit hemagglutination of P. gingivalis (Inoshita et al. 1986). It was also 
reported that the substrate-binding site on the erythrocyte surface is arginine residues 
(Nishikata and Yoshimura 1991). L-arginine was shown to be inhibitory for P. 
gingivalis hemagglutination at 1,900 nmole/ml (Inoshita et al. 1986) and 200 nmole/ml 
(Nishikata et al. 1989). In both studies however, this amino acid was a weak inhibitor 
compared to other suqstances (MIC 0.2-3.2 nmole/ml). Both L-arginine and poly-L-
arginine were not inhibitory for B. forsythus hemagglutination in this study, even at 
very high concentrations. The importance of the arginine residue in the inhibition of 
hemagglutination is obviously related to its relative position and the interrelations of 
this amino acid with the conformational structure of the inhibitory peptides. 
Histatin 5 completely inhibits the hydrolytic activity of clostripain and P. 
gingivalis trypsin-like protease in vitro (Nishikata et al. 1991 ). Both enzymes have a 
strict cleavage specificity similar to that of trypsin, showing a distinct preference for 
arginine over lysine residues in hydrolysing synthetic substrates. Based on the reported 
results and the similarities between the two species, we propose that the biologic base 
for the inhibition of B. f orsythus hemagglutination by histatins is the binding of 
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histatin arginine residues on B. forsythus hemagglutinin(s) which become unavailable 
for binding with the arginine residues on the erythrocyte surface. 
The inhibitory potential of saliva, salivary fractions and serum on P. gingivalis 
hemagglutination was earlier reported (Slots and Gibbons 1978) and albumin, transfer-
rin, and bovine submaxillary mucin were found to be inhibitory (Inoshita et al. 1986). 
BSA is hydrolyzed by the P. gingivalis cysteine protease-hemagglutinin (Nishikata and 
Yoshimura 1991). BSA was also found to be inhibitory for B. forsythus cysteine 
protease-hemagglutinin . Since it is a potential substrate, this protein could block the 
hemagglutination phenomenon occupying the protease-hemagglutinin molecules in a 
similar fashion with histatins. Albumin is present in the periodontal pocket and its in-
hibitory role on hemagglutination might be very significant in the subgingival envi-
ronment. 
In conclusion, many salivary proteins exhibit inhibitory activity for B.forsythus 
hemagglutination. The inhibition of this phenomenon in multiple levels from the host, 
provides an insight for the importance of hemagglutination in the oral environment and 
its significance in the initiation and progression of periodontal disease. However it is 
also significant for the economy of the host the fact that albumin, a 66 kDa protein 
has the same inhibitory potential with histatins, which are 3-5 kDa peptides. Further 
studies on the isolation of B. forsythus hemagglutinin(s) and the inhibition of the 
purified molecule(s) by histatins are necessary for further clarification of the 
interactions of these molecules in the oral environment and better understanding of the 
phenomena observed. 
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CONCLUSIONS 
The purpose of this study was to investigate possible interactions and 
correlations of histatins with the initiation and progression of periodontal diseases and 
dental caries, exploring their antimicrobial properties and particularly their bactericidal 
potential. 
Classic broth and buffer microdilution bactericidal bioassays revealed the 
microbicidal and inhibitory properties of histatins against a wide range of bacteria 
implicated in the development of periodontal diseases and dental caries. A. viscosus, 
A. naeslundii, A. odontolyticus, P. gingivalis, P. intermedia, B. forsythus, F. 
nucleatum, A. actinomycetemcomitans, and P. micros were susceptible to histatins and 
several of their fragments. Bactericidal concentrations were much higher for 
periodontal pathogens when compared to Actinomyces species. 
Histatins exhibited many antimicrobial properties other than their bactericidal 
effects. Histatins 3 and 9 inhibited glycolysis of S. rattus. Histatin 9 was more potent 
and the greatest inhibitory activity was observed at the critical pH values. 
Experiments related with interactions of histatins with Actinomyces species 
adhesins revealed some interesting findings. Histatins 1 and 5 did not serve as pellicle . 
receptors for Actinomyces and, therefore, do not promote their attachment on teeth. In 
addition, histatin 5 did not inhibit saliva-induced agglutination of Actinomyces. Both 
findings related to colonization of Actinomyces species are of great importance in the 
oral environment. 
Histatins and several of their fragments inhibited B.forsythus hemagglutination. 
This inhibition might also be very important since attachment of this species on 
erythrocytes is related to nutritional requirements of this subgingival colonizer. 
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The findings of this study revealed the important role of histatins as a 
significant part of the non-immune oral host defense system. An attractive possibility 
of utilizing histatins as oral hygiene supplements was proposed when the local defense 
mechanisms seem to be inadequate to control infectious processes. Increased 
concentrations of histatins could be used in order- to cover a wide range of oral 
microbiota including periodontal pathogens. An important advantage of histatin 
supplementation is the fact that these proteins are natural constituents of the oral 
environment and, therefore, are not toxic for the host. 
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